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This study focuses on the design, fabrication, and characterization of 
deterministically engineered, three-dimensional architectures to be used as high-
performance electrodes in energy storage applications. These high-surface-area 
architectures are created by the robotically-assisted sequential electrodeposition of 
structural and sacrificial layers in an alternating fashion, followed by the removal of the 
sacrificial layers. The primary goal of this study is the incorporation of these highly 
laminated architectures into the battery electrodes to improve their power density without 
compromising their energy density. MEMS technologies, as well as electrochemical 
techniques, are utilized for the realization of these high-power electrodes with precisely 
controlled characteristic dimensions. Diffusion-limited models are adopted for the 
determination of the optimum characteristic dimensions of the electrodes, including the 
surface area, the thickness of the active material film, and the distance between the 
adjacent layers of the multilayer structure. 
The contribution of the resultant structures to the power performance is first 
demonstrated by a proof-of-concept Zn-air microbattery which is based on a multilayer 
Ni backbone coated with a conformal Zn film serving as the anode. This primary battery 
system demonstrates superior performance to its thin-film counterpart in terms of the 
energy density at high discharge rates. Another demonstration involves secondary battery 
chemistries, including Ni(OH)2 and Li-ion systems, both of which exhibit significant 
cycling stability and remarkable power capability by delivering more than 50% of their 




are reported. This multilayer fabrication approach is also proven successful for realizing 
high-performance electrochemical capacitors. Ni(OH)2-based electrochemical capacitors 
feature a relatively high areal capacitance of 1319 mF cm
-2
 and an outstanding cycling 
stability with a 94% capacity retention after more than 1000 cycles.   
The improved power performance of the electrodes is realized by the 
simultaneous minimization of the internal resistances encountered during the transport of 
the ionic and electronic species at high charge and discharge rates. The high surface area 
provided by the highly laminated backbone structures enables an increased number of 
active sites for the redox reactions. The formation of a thin and conformal active material 
film on this high surface area structure renders a reduced ionic diffusion and electronic 
conduction path length, mitigating the power-limiting effect of the active materials with 
low conductivities. Also, the highly conductive backbone serving as a mechanically 
stable and electrochemically inert current collector features minimized transport 
resistance for the electrons. Finally, the highly scalable nature of the multilayer structures 
enables the realization of high-performance electrodes for a wide range of applications 










 Over the past two decades, the widespread miniaturization of portable electronic 
equipment from smart phones to various multimedia tools has led to the need for 
similarly scaled energy storage systems. In addition to such macroscale applications, 
there has also been enormous progress in the development of microdevices, 
encompassing autonomous microsensors and microactuators. The rate of technological 
advancement in both macro- and microscale electronic device industry, however, has 
been more rapid than that of compatible and suitably sized energy storage technologies 
which are necessary to power these devices. The vast majority of these energy storage 
systems utilized in the portable electronic devices are composed of batteries.  
 Considering the currently available battery chemistries, a drastic improvement in 
the battery performance in terms of capacity, which determines the operation duration of 
the mobile device on a single charge of the battery, is not anticipated in the near future. 
Unless a completely new battery chemistry with an extremely high energy density is 
developed, the only way to achieve longer operation times is through increasing the mass 
of the active material present within the battery, which is incompatible with the current 
shrinking trend of the portable electronic devices. However, improvements can be 
achieved in the rate of the energy, i.e. the power, which these batteries can deliver. For 
example, a battery with which a mobile device can operate continuously for one hour 
would be considered to have a relatively low capacity performance. But this relatively 
short life of the battery can easily be overlooked if the battery is capable of being fully 
charged in 1-2 minutes with a minimal forfeit in its capacity.  
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 The study reported herein focuses on developing rationally designed and 
deterministically engineered structures to be used as electrodes in energy storage 
applications, which address the need for high energy density systems with rapid charging 
capabilities. In addition to the intrinsic properties of the active materials, proper micro- 
and macrostructural design is also required for the realization of high-performance 
electrodes. To achieve this, electrochemical, as well as microfabrication techniques 
enabled by microelectromechanical systems (MEMS) technologies have been utilized. 
The utilization of such technologies enables the fabrication of high-performance and 
highly scalable power sources for a wide variety of applications, ranging from 
autonomous microsystems to macroscale portable electronics.  
 
1.2 Selection of the Appropriate Energy Storage System 
 In order for a high-power energy storage system to be practically useful for the 
aforementioned portable electronic devices, it should be able to store a significant amount 
of energy (>10 mWh), which can be achieved by utilizing several energy storage systems 
[1]. The simplified Ragone plot in Figure 1.1 shows some of these conventional energy 
storage systems along with their specific power and energy density.  
 It should be noted that there is a trade-off between the two key attributes, namely 
power and energy density, of the given energy storage systems. However, the ideal 
energy storage system that is expected to satisfy the goals of our research, must possess 
both high energy and power density, and thus, needs to be located on the top right region 
of the plot. Based on the energy storage technologies shown in Figure 1.1., capacitors and 
fuel cells require higher orders of magnitudes improvement in their respective energy and 
power densities when compared to batteries, to meet the demands that constitute the main 
motivation behind this research. 
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 Therefore, the primary focus of our research will be on batteries. In order to 
achieve that encircled performance in Figure 1.1, the specific power of the batteries has 




Figure 1.1: Simplified Ragone plot showing the specific power vs. specific energy of 
various energy storage systems [2]  
 
1.3 Fundamental Principles and Design Considerations 
 The energy density of an electrochemical cell is defined as the amount of 
ultimately extractable energy stored in a given volume of the system. Hence, it can be 
improved in a simplistic way by increasing the packing density, or in other words, the 
amount of the electrochemically active material per given volume of that system. The 
power density, on the other hand, is a measure of the rate of energy transfer to and from 
the cell.  
 The key element that determines the power density of an electrochemical system 
is the rate at which ionic and electronic species are transported from one electrode to the 
other. During the transport process of ions and electrons, certain inherent resistances 
 4 
pertaining to mass transfer and kinetics are encountered, which make up the total internal 
resistance of the electrochemical system. To overcome these resistances during the 
charging process of an electrochemical system, for example, high amounts of currents 
may be required, resulting in significantly increased voltage at the electrode. However, 
such high voltages may cause deleterious effects on the chemical and mechanical stability 
of the electrode material, leading to profoundly reduced capacities. Therefore, to avoid 
such effects, all of the inherent resistances must be minimized simultaneously in order to 
realize high-power systems.  
 Conceptual rendering of a simplified conventional battery electrode can be seen in 
Figure 1.2 which illustrates the kinetics and transport phenomena that happen during the 
charge and discharge of the battery electrode. As shown in Figure 1.2, all of the kinetics 
and transport phenomena take place in three main components of the battery: (1) the 
electrolyte, where the diffusion of liquid-state ions take place between two electrodes; (2) 
the active material, that hosts the kinetics, as well as the solid-state ion diffusion and 
electron conduction; and (3) the current collector, responsible for the delivery of the 




Figure 1.2: Demonstration of the kinetics and transport phenomena within three main 
components of a conventional battery electrode 
 5 
 The factors that affect the performance of a battery electrode can be classified in 
two categories: intrinsic and extrinsic factors. Both of these factors play an essential role 
in the transport process of ionic and electronic species and are investigated separately.  
 
1.3.1 Intrinsic Factors Affecting the Electrode Performance 
 Intrinsic factors, such as the diffusivity and conductivity of the system 
components, depend on the choice of materials to be utilized within the system. 
1.3.1.1 Diffusivity 
 Two types of diffusion take place within the cell: solid-state and liquid-state 
diffusion. The former type involves the transport of the ions in the active material, 
whereas the latter type is associated with the ion transport within the electrolyte. In 
special systems where solid electrolytes are utilized, such as lithium polymer batteries, 
the liquid-state ion transport is not available [3]. Ionic conductivities in the liquid-state 
electrolytes are several orders of magnitude higher than those of solid-state electrolytes. 
Therefore, liquid electrolytes are not as often a limiting factor for high-power batteries. 
Solid electrolytes, on the other hand, exhibit comparable diffusivities to the active 
materials which render them an inadequate choice for energy storage applications 
demanding fast charging and discharging. A comparison of the ionic conductivities for 
commonly used liquid and solid electrolytes can be found in Table 1.1.  
 









1 M LiClO4 in EC/DMC 8.4x10
-3 
[4] 
1 M LiPF6 in EC/DMC 10.7x10
-3
 [4] 













 It has been reported that in most of the systems involving liquid electrolytes, the 
main cause of the decrease in extractable energy at high charge and discharge rates is 
pertaining to the overpotential associated with the diffusivity of the solid-state ions within 
the active material, rather than the liquid-state ions in the electrolyte [5]. This means that 
the solid-state diffusion within the active material is the main contributor to the transport 
resistance and thus, the rate limiting step for the majority of chemistries. Therefore, for 
high-power applications, liquid electrolytes along with active materials with high 
diffusion coefficients is preferred. A comparison of the diffusion coefficients for 
commonly-used active materials in batteries can be found in Table 1.2. 
 
Table 1.2: Common electrode materials used in batteries along with their ionic 





































































 Another type of intrinsic factor that contributes to the transport resistance within 
cell is the conductivity of the system components. Electrons that are delivered to the 
active material through current collector need to be transported to the electrode-
electrolyte interface, where the oxidation and reduction reactions take place during the 
charge and discharge processes of the battery electrode. The current collector is only 
responsible for electron delivery to and from the active material. Hence, no ionic 
transport takes place in this component of the electrode. As a result of this, the only 
contribution to the overall resistance originating from this component of the electrode is 
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through its electrical resistance. This can be easily alleviated by incorporating highly 
conductive metals (e.g., Cu, Ni, Al) into current collectors.  
 However, the active materials, particularly for cathodes, are generally in the form 
of oxides or other less conductive compounds which suffer from high electrical resistance 
as shown in Table 1.2. This electrical resistance encountered by the electrons during their 
transport within the active material has been shown to cause a potential drop across the 
electrode, which has an adverse effect on the power performance of the system, 
particularly at high currents [6]. Therefore, along with the improvement of the diffusion 
coefficients, enhancement of the conductivity of the active material should also be sought 
to realize high-power electrodes.  
 
1.3.2 Extrinsic Factors Affecting the Electrode Performance 
 Extrinsic factors, including the surface area, diffusion and conduction path 
lengths, play also a major role in the performance of the electrode. These factors 
primarily rely on the size and geometry of the system components.  
 
1.3.2.1 Surface Area 
 The surface area is one of the key parameters affecting the power performance of 
a battery. It corresponds to the contact area between the active material and the 
electrolyte, where the oxidation and reduction reactions take place. In order to deliver a 
high number of charges in a short period of time, the amount of these reactions has to be 
maximized. This can be achieved by increasing the surface area of the electrode that is in 
contact with the electrolyte. This results in the increase in the number of active sites 
hosting the oxidation and reduction reactions, which in turn minimizes the loss 
originating from the electrode polarization and thus, enhances the power density of the 
electrode.   
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1.3.2.2 Diffusion Path Length 
 According to Fick’s law of diffusion, the characteristic time constant for 
diffusion, τ, scales with the square of the diffusion path length, L, and the reciprocal of 
the diffusivity, D, as shown in Equation 1.1. Therefore, it can be deduced that reducing 
the diffusion path length is much more effective in improving the power performance of 
the system than increasing the diffusivity of the active material by the same amount, 





      (1.1) 
 
 For example, the characteristic time for Li ions to diffuse through a 1-µm-thick 






 is 100 seconds. In the case of 
slow charge rates, the charge time would be much longer than the characteristic diffusion 
time of Li ions. As a result, a significant concentration gradient of the Li ions does not 
develop across the active material. However, when the charging rates are significantly 
increased, Li ions may not find sufficient time to diffuse through the active material 
which leads to the formation of a severe concentration gradient, and thus, a voltage 
gradient in the electrode that contributes to the overpotential of the cell [5].  
 
1.3.2.3 Conduction Path Length 
 As mentioned earlier, similar principles apply to the conduction phenomenon, 
where the potential drop becomes higher as the distance that the electrons travel 
increases. This can be simply expressed by Ohm's law: 
 
    
   
 
     (1.2) 
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 where   , i, L, and   stand for potential drop (V), current density (A cm-2), conduction 
path length (cm), and conductivity (S cm
-1
), respectively. Because of these reasons, 
minimization of the diffusion and conduction path lengths is necessary to improve the 
power density of the systems. 
 
1.3.3 Design Considerations  
 In summary, a high-power system that is expected to meet the demands 
mentioned earlier needs to have a minimized transport resistance during high charge and 
discharge rates. The minimization can be achieved through simultaneous optimization of 
the aforementioned individual parameters that determine the overall cell resistance. For 
the optimum design, parameters such as diffusivity, conductivity, and surface area have 
to be maximized, while the diffusion and conduction path lengths are minimized. 
Developing active materials with enhanced intrinsic properties requires intensive research 
which is beyond the scope of this study. Hence, the focus will be on the design and 
fabrication of high-power electrodes that are composed of structures with optimized 
extrinsic properties utilizing the most suitable existing active materials for high-power 
applications. 
  
 1.4 Structures Designed for High-Power Applications from the Literature 
 Systems comprising of active materials in the form of nanoparticles realized by 
various nanostructuring concepts have demonstrated outstanding performance in terms of 
energy densities and cycle life of the electrodes [5, 8]. Yet, these systems usually do not 
allow direct control over the connectivity of different phases within the electrode [5]. 
Structuring the electrodes in a deterministic way permits control over not only the 
amount of the active material in terms of mass or volume, but also the aforementioned 
critical dimension such as surface area, as well as diffusion and conduction path lengths 
that determine the ultimate performance of the electrode. As a result, numerous efforts 
 10 
have focused on developing structures engineered in a deterministic way [5, 9, 10]. The 
key challenge to realize this goal involves establishing cost-effective fabrication 
methodologies.  
 Although there is a wide variety of battery chemistries with high-power 
capabilities, such as Ni(OH)2-based systems, the recent efforts in the literature mainly 
focus on Li-ion batteries, since they possess the highest energy density. The electrode 
structures designed for high-power applications can be classified into two main groups: 
high-power anodes and high-power cathodes. In our study, the former one is of more 
importance for the Li-ion batteries discussed in Chapter 5, whereas the latter one will be 
the only focus for the Ni(OH)2-based systems covered in Chapter 4.    
 
1.4.1 Electrodes for High-Power Anodes 
 One of the earliest examples of deterministically engineered electrodes for high 
power applications involves arrays of metal structures in the form of pillars that serve as 
a backbone for the active materials. In previous work, Cu pillars were fabricated via 
anodized Al2O3 (AAO) templates which support anode active materials of Fe3O4 and 
NiSn [11, 12]. The schematic illustrating this process and the SEM images of the 
resultant electrodes are shown in Figure 1.3. The Fe3O4 anode has been shown to 
maintain 80% of its total capacity at a discharge rate of 8 C for more than 100 cycles 
[12]. The charge and discharge rates for batteries are typically expressed as C rates, 
where the x-C rate equals the rate at which the electrode is completely charged or 
discharged in x
-1
 hours. Similarly, the NiSn anode has been reported to demonstrate a 
capacity of 200 mAh g
-1
 at a discharge rate of 10 C, which corresponds to nearly 50% of 





Figure 1.3: Cu pillars fabricated through Al2O3 templates: (1) schematically illustrated 
fabrication process for Cu nanorods, (2) their SEM images before and after active 
material deposition [12] 
 
 Another study using a similar pillar array configuration involves Sn/SnO 
nanowires with a length of 2 µm supported on self-organized TiO2 nanotubes, that serve 
as high power anodes for Li-ion batteries [13]. These electrodes have been reported to 
enable areal capacities of 95 and 140 µAh cm
-2
 (675 mAh g
-1
) and deliver 70 and 85% of 
their initial capacity over 50 cycles under rates of 4C and 2C. In another study with a 
similar approach, arrays of Ni nanocones that are conformally coated with Si serving as 
the active material have been reported to yield a capacity of 1250 mAh/g at a discharge 
rate of 2 C, which refers to approximately 50% of the 0.2 C rate [14]. Using the same 
principle but slightly different geometries, Li-ion anodes composed of Cu-Si nanocables 
coated with a thin layer of Al2O3 have been fabricated and tested under the current 
density of 14 A g
-1
 demonstrating a capacity of 790 mA g
-1
, which corresponds to 43% of 
the capacity at 0.3 A g
-1
 [15].  
 A different hierarchical bottom-up approach comprises annealed carbon black as 
the supporting backbone which is first coated by Si nanoparticles through chemical vapor 
deposition (CVD) and then assembled into rigid spherical granules enabling a high-power 
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anodes with a capacity of 870 mAh g
-1
 at 8 C, which is 45% of that at C/20 [16]. 





Figure 1.4: Schematic of the assembly of Si-coated carbon black particles into spherical 
granules [16] 
 
 Even higher charge/discharge rates of up to 40 C have been enabled via C-Al-Si 
anodes in the form of nanoscoops (i.e., a cone-shaped carbon nanorod base topped with a 
thin film of Al and a nanoscale Si “scoop”) that minimize the mismatch at the interfaces 
and exhibit gradual volume change during lithiation process, yielding an average capacity 
of 429 mAh g
-1
 at 40 C, corresponding to 35% of its 1 C capacity [17]. A relatively lower 
specific capacity of 160 mAh g
-1
 but higher stability and discharge rate has been reported 
in a work comprising nanostructured anodes that are composed of Li4Ti5O12 which are 
capable of retaining more than 90% of its 1 C capacity at a discharge rate of 20 C [18].  
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 Besides the electrodes with stabilizing backbone structures, anodes featuring high 
rate performance and high cycle life have also been obtained by engineering the free 
volume required for their expansion during lithiation without utilizing any supporting 
scaffold [5]. This way, the stress buildup in the anode is alleviated and premature failure 
of the battery is prevented. These anode materials generally possess morphologies of 
nanotubes and nanowires or involve nanoporous and mesoporous structures. For 
example, arrays of mesoporous Co3O4 nanowires demonstrated a capacity of 700 mAh g
-1
 
at a rate of 1 C and were able to deliver 50% of this capacity when the rate was increased 
to 50 C [19].  In another study, Si nanowires have been reported to have an 
extraordinarily high specific capacity of 3214 mAh g
-1
 at a discharge rate of C/20 and 
they were demonstrated to preserve more than 67% of that capacity when the discharge 
rate was increased to 1 C [20]. Another type of Si-based high-performance anodes in the 
form of 3D porous particles has been fabricated by thermal annealing and etching 
processes, where the resultant structures have reportedly delivered a capacity of 2158 
mAh g
-1
 at 3 C discharge rate, which corresponds to 81% of the 1 C discharge rate [21]. 
Sol-gel derived and ordered mesoporous α-Fe2O3 thin-film electrodes have been 
demonstrated to deliver ~45% of their C/5 discharge capacity when discharged at 3 C 
[22]. Ultra-long Ge nanotubes prepared by using the Kirkendall effect (i.e., motion of the 
boundary layer between two metals as a result of the difference in diffusion rates) have 
been reported to enable exceptionally high charge capacitance retention among all 
metallic anodes by delivering a charge capacity of 580 mAh g
-1
 at 20 C, which refers to 






Figure 1.5: Schematic describing morphological changes in Si after electrochemical 
cycling: (A) breaking of Si films, (B) pulverization of Si particles, and (C) no damage in 
nanowires [20] 
 
1.4.2 Electrodes for High-Power Cathodes 
 In addition to the anode materials, numerous studies have been carried out with 
regards to deterministically engineered high power cathode materials as well. Some of 
these structures include porous monolithic composites, self-ordered crystalline-glass 
mesoporous nanocomposites, and inverted opal structures [5]. Materials used in cathode 
electrodes, in general, possess less specific capacity than their anode counterparts. 
However, for high-power applications, they have been shown to be superior enabling 
charge and discharge rates of more than 1000 C while maintaining their significant 
portion of low rate energy [24]. In contrast to metallic and carbonaceous anodes with 
high conductivities, cathode materials are usually made of metal oxides and thus, possess 
lower conductivities.  
 So far, inverted opal structures (i.e., matrices with highly ordered 3D architecture 
of interconnected cavities) have been the most promising candidate for high-power 
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battery electrodes. An inverse opal electrode made of lithiated MnO2 has been reported to 
enable 70 C discharge rate, at which it has been able to retain more than half of its 
capacity at 1.8 C discharge rate [25]. Similarly, another inverted opal electrode consisting 
of LiFePO4 has yielded a capacity of 160 mAh g
-1
 at a discharge rate of 0.1 C and 
demonstrated a capacity retention of 72% when discharged at 5 C [26]. These two 
cathode materials owe their high rate performances to their short ionic diffusion lengths, 
as well as high surface area. Yet, the limiting factor for achieving even more improved 
power rates for both structures has been reported to be the long conduction paths for 
electrons which are at least 3 orders of magnitude longer than the ionic diffusion path 
lengths [5].  
 To alleviate the issues pertaining to the low electrical conductivities of the 
cathode materials, opal electrode designs have been improved by making use of a 
conductive inverted scaffold, which is first fabricated and subsequently coated with a thin 
layer of active material [5]. In this way, both the ionic diffusion and electron conduction 
path lengths have also been minimized. This approach can be considered as analogous to 
the metal nanofoams, which also serve as a conductive scaffold for the active materials 
they host [27]. However, the inverted scaffold concept not only provides a more uniform 
electrode structure, but also results in better control over the characteristic dimensions of 
the electrode.  
 A study focusing on demonstrating the contribution of this inverted conductive 
scaffold approach involves a carbon-based inverted opal structure coated with a thin layer 
of V2O5 gel as the active material. This structure has been tested at discharge rates as 
high as 5 A g
-1
 and shown to retain approximately 80% of its capacity at 0.1 A g
-1
 
discharge rate [28]. In this approach, the main limitation to having higher energy 
densities originates from the relatively thick conductive scaffold that increases the total 
weight of the electrode, and thus reduces the energy density. Another study with the same 
motivation involves MnO2 and Ni(OH)2 chemistries where a conductive Ni scaffold of 
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94% porosity has been utilized and significantly higher discharge rates have been able to 
be achieved [7]. This electrode has been coated first with lithiated MnO2 and shown to 
retain 76% and 38% of its capacity when discharged at 185 C and 1114 C, respectively. 
Then, the same electrode has been tested by utilizing Ni(OH)2 chemistry where the 
capacity retention has been observed to be 75% of its 1 C rate when it has been 
discharged at a rate of 1017 C. Thus, it has been demonstrated that a significant increase 




Figure 1.6: High-power electrodes enabled by inverted opal structures: (A) fabrication 
sequence, (B) SEM image of the current collector, and (C) current collector coated with 
active material [7] 
 
1.5 Contributions of This Work 
 All of the approaches summarized in section 1.4 have proven quite successful in 
relation to the goals of our study. In general, the resultant electrodes reportedly exhibited 
improved capacity retentions at high charge and discharge rates. However, the reported 
electrodes involve microscale structures, and the capacities they demonstrated (e.g., 10-
100 μWh) are far from being practically useful for portable electronic devices. It is also 
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not clear whether these electrodes would be capable of exhibiting the same power 
performance, when they are scaled up to sizes suitable for macroscale applications which 
require significantly more energy (e.g., >10 mWh).  
 The study reported herein involves rationally designed and deterministically 
engineered 3D structures with precisely controlled dimensions that address the 
aforementioned critical factors affecting the high-power capability and ultimately 
determine the performance of the electrochemical systems. Cost-effective and 
straightforward methods comprising electrochemical techniques and MEMS technologies 
have been utilized for the fabrication and characterization of the scalable, well-ordered, 
and high-surface-area structures that are suitable for use as electrodes in a variety of 
applications, ranging from autonomous microsystems to macroscale portable electronics. 
 These versatile structures are based on a large number of relatively thin layers of 
two different materials, one being sacrificial while the other is structural, fabricated 
through a temporary mold in an alternating sequence with the help of an automated 
robotic system. The final structure is obtained by the selective removal of the sacrificial 
material, leaving behind a large number of separate layers of the structural material to be 
coated with the electrochemically active material. Details about the fabrication process 
and performance of these structures are available in the forthcoming chapters of this 
study.  
 
1.6 Thesis Outline 
 The body of this thesis is divided into seven chapters. Chapter 1 is the 
introductory section starting with the motivation behind the study reported herein. After 
indicating the devices of interest for high-power energy storage applications, a discussion 
on the fundamentals and design considerations is presented. It is followed by a detailed 
literature survey regarding the high-power electrodes studied thus far and our 
 18 
contribution by introducing deterministically engineered multilayer structures to the high-
power energy storage applications. 
 Chapter 2 presents various fabrication approaches utilized in this study to realize 
the multilayer structures. A detailed description of the methods and techniques, used to 
achieve and characterize these well ordered structures, as well as information regarding 
the chemicals used in these processes is provided. 
 Chapter 3 demonstrates the first proof-of-concept electrodes for primary Zn-air 
batteries enabled by utilizing these multilayer structures. A detailed description of the 
fabrication process of the electrodes is given along with their performance 
characterization. 
 Chapter 4 presents the first use of the multilayer structures for secondary battery 
chemistries by demonstrating Ni(OH)2-based electrodes. Various methods with regards to 
active material deposition are discussed and the reasoning behind choosing this particular 
chemistry is explained. Two different fabrication approaches are reported in detail for 
low- and high-capacity applications. Finite-element-method (FEM) simulations 
performed to determine the optimum dimensions for the electrode is described in detail. 
Also, the high-power performance of the Ni(OH)2-based electrodes is discussed and 
compared to the modeling results.    
 Chapter 5 covers the high-power Li-ion electrodes based on the rationally 
designed and deterministically engineered multilayer structures that meet the ultimate 
capacity goal of this study. Some background information pertaining to the anodes and 
cathodes used in Li-ion systems are given. Fabrication and characterization processes of 
the electrodes with the optimum dimensions designed by the FEM simulations are 
discussed.  
 The applicability of the deterministically engineered structures to electrochemical 
capacitors is presented in Chapter 6. Detailed background information regarding the 
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electrochemical capacitors is provided. Ni(OH)2- and NiO-based electrochemical 
capacitors with significant capacitance values are reported.   
 Chapter 7 is devoted to the concluding summary of the whole study. The overall 
contributions of this study are presented. Also, some recommendations pertaining to 
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DESIGN AND FABRICATION OF MEMS-ENABLED 
MULTILAYER STRUCTURES 
 
2.1 Sequential Multilayer Deposition 
 The work presented in this study focuses on the development of rationally 
designed and deterministically engineered, highly laminated structures to be utilized as 
electrodes in electrochemical energy storage applications. These structures are based on 
sequential deposition of alternating layers of structural and sacrificial materials, followed 
by the selective removal of the sacrificial layers. Both metallic and polymeric materials 
were utilized in the fabrication process. The resultant versatile architectures are highly 
scalable, and the way they are designed enables them to possess high surface area on a 
small footprint. These structures also feature precisely designed characteristic dimensions 
on the order of hundreds of nanometers and overall thicknesses on the order of hundreds 
of micrometers. 
 Two categories of highly-laminated multilayer structures are investigated: 
structures with lateral high-aspect-ratio and vertical high-aspect-ratio, which are 
schematically shown in Figures 2.1.A and 2.1.B, respectively. The former involves 
structures with a high aspect ratio in the in-plane dimension over their thickness, whereas 
the structures based on the latter one possess a high out-of-plane to width ratio. As shown 
in Figure 2.1.A, the lateral high-aspect-ratio structures are deposited using a photoresist 
mold, confining the in-plane surface area. In contrast, the mold-free fabrication of 
vertical high-aspect-ratio structures enables an increase in surface area in both the vertical 




Figure 2.1: Comparison of lateral and vertical high-aspect-ratio structures 
 
 The vertical high aspect ratio approach demonstrates a subtle way of obtaining 
high-surface-area multilayer structures which requires neither molds nor anchors in their 
fabrication process. The drawback of these pillar structures, however, is the long 
diffusion path lengths for the liquid-state ions of the electrolyte. As can be seen in Figure 
2.1.B, in order for the ions to reach to the active material located at the very bottom of the 
electrode, they have to diffuse all the way from the very top surface of the pillars that is 
in contact with the bulk of the electrolyte. In that sense, it is analogous to the lateral high-
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aspect ratio structures without any etching holes where the diffusion of the ions to the 
center part of the layers would only be possible from the perimeter of the structure. In the 
case of lateral high-aspect-ratio structures, on the other hand, the diffusion path lengths of 
the liquid-state ions can be easily controlled by rearranging the positions of the 
photoresist mold (i.e., etching holes).  
 Since one of the goals of this study is to enable high-power electrodes by 
minimizing the diffusion path lengths for both solid- and liquid-state ions, the utilization 
of vertical high-aspect-ratio structures in high-power applications would be against the 
premise of this study. If, however, the amount of liquid ions within the vertical channels 
is sufficient to meet the demand of the solid electrode, then there would be no need for 
the ions to travel long distances. Batteries with significantly thick active material films 
may require large amounts of ions to be delivered to the bulk of the active material. Yet, 
systems involving surface-limited reactions, such as electrochemical capacitors, require 
smaller amounts of ions. Therefore, these vertical high-aspect-ratio structures have only 
been utilized as electrodes for electrochemical capacitors which will be covered in detail 
in Chapter 6. 
 More details pertaining to the fabrication of the lateral and vertical high-aspect-
ratio structures will be revealed in sections of 2.1.1 and 2.1.2, respectively. The former 
type of structures will further be classified into three categories: partially etched metallic 
structures (Chapter 2.1.1.1), anchor-supported metallic structures (Chapter 2.1.1.2), and 
polymer-based multilayer structures (Chapter 2.1.1.3). 
 
2.1.1 Lateral High-Aspect-Ratio Structures 
 In the case of metallic structures, a robotically-assisted electroplating setup has 
been utilized to fabricate the multilayer structures with alternating layers through a 
standard photoresist mold enabled by photolithography techniques. By adjusting the 
current density and electrodeposition time, structures composed of sub-micron-thick 
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individual layers were able to be realized whose total thicknesses reach up to several 
hundreds of microns. These structures eventually offer a high surface area that is more 
than a hundred times as large as the footprint area they are built on. The conceptual 
rendering of the experimental setup enabling the fabrication of these metallic multilayer 
structures can be seen in Figure 2.2. 
 Almost all of the lateral high-aspect ratio multilayer structures demonstrated in 
this study were fabricated on either a 4-inch Si wafer or a rectangular glass substrate (75 
mm x 50 mm). In either case, Ti/Cu/Ti seed layers were sputtered onto the one side of the 
substrate (DC sputterer, CVC). For the sputtering process, high-purity Cu and Ti targets 
with respective diameters of 3 and 8 inches were used. Sputtering was preferred over 
other metallization techniques (e.g., evaporation) for two main reasons: (1) faster 
deposition rates enabled by the sputtering process; (2) the availability of a multi-target 
sputtering tool that enables the sequential deposition of different metals without the need 




Figure 2.2: Conceptual rendering of the robotically-assisted sequential electroplating 
setup for the fabrication of the metallic multilayer structures 
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 First, an approximately 500 nm Ti layer, which serves as the adhesion promoter 
between the substrate and the subsequent Cu layer, is sputtered at a power of 350 W for 
10 minutes. Second, an approximately 2-μm-thick Cu layer is sputtered onto the Ti layer 
at 1000 W. This Cu layer serves as the initiation point (i.e., seed layer) of the 
electroplating process. On top of Cu layer, another 500-nm-thick Ti layer was sputtered 
under the same conditions as the first one. The reported thickness values for the sputtered 
layers were measured by a surface profiler (Tencor P15). The purpose of the last Ti layer 
is to prevent the underlying Cu layer from getting oxidized, especially in cases where the 
samples undergo high-temperature treatment, such as pre- and post-exposure bakes for 
the photoresist films. To prevent the oxidation of the deposits, as well as the targets, the 
whole sputtering process for both Ti and Cu layers was performed in 100% Ar 
environment under a pressure of 6 mTorr.  
 Once the metallization of the substrates is completed, the fabrication process for 
the deposition of the molds is initiated. This will be discussed in detail later in section 
2.2. First, the emphasis will be on the sequential deposition of the multilayer structures. 
 All of the metallic multilayer backbone structures described in this study are 
based on the utilization of Ni/Cu pairs. Except in the case of electrochemical capacitors 
covered in Chapter 6, Cu and Ni have served as the sacrificial and structural materials, 
respectively.  
Before the use of each electroplating bath, the plating solutions were filtered by 
passing through a 0.6-μm filter paper. After each use, they were stored in well-sealed 
containers, and a small amount of nitrogen gas was bubbled in the containers to keep the 
baths free of dissolved oxygen. The composition of the lab-made Ni and Cu plating baths 




Table 2.1: Compositions of the Ni and Cu plating baths [1] 
 
Compounds Ni Plating Bath Cu Plating Bath 
NiSO4.6H2O 350-400 g  
CuSO4.5H2O  200-250 g 
H2SO4 (98%)  20-25 ml 
H3BO3 35-40 g  
Saccharin 3 g  
DI water 1 L 1 L 
pH 1.5-3 0.5-1 
 
 For all of the applications discussed in this study, the same Ni bath has been 
utilized for the electrodeposition of the Ni layers. However, except for the fabrication of 
the multilayer structures for the Zn-air batteries which will be discussed in Chapter 3, a 
commercial Cu plating solution (Clean Earth Cu-Mirror, Grobet) has been preferred over 
the sulfate-based Cu bath given in Table 2.1. The reason behind switching to the 
commercial plating solution is to obtain smoother layers by reducing the surface 
roughness of the deposits. Although surface roughness can be considered as a desired 
attribute for energy storage applications because of its contribution to the increased 
surface area, for applications comprising of ultra-thin layers, smoother deposits would 
enable better control over the dimensions of the structures. Figure 2.3 shows the 
difference between two multilayer structures fabricated by using two different Cu plating 
solutions. For the multilayer structures with a relatively low number of layers (e.g., 10), 
the surface roughness was not observed to constitute a severe problem. However, as the 





Figure 2.3: Multilayer Ni structures following the removal of Cu layers prepared by: (A) 
sulfate-based Cu plating solution, (B) commercial Cu plating solution with additives 
 
 Immediately before the electroplating of alternating Ni and Cu layers, the sample 
was immersed in diluted hydrofluoric acid (HF) solution (HF:H2O = 1:50) to remove the 
topmost Ti layer on the regions of the substrate that were not covered by the photoresist 
mold. Once the underlying Cu layer was exposed, the sample was taken out from the HF 
solution and rinsed in DI water. To avoid the oxidation of the newly exposed Cu surface, 
the robotic plating process was started immediately.  
 The robotic plating process starts with the electroplating of the Ni layer in its 
corresponding all-sulfate bath for a given amount of time. The electrodeposition is 
carried out under galvanostatic conditions where a high-purity Ni sheet is utilized as the 
anode, and the current density is set to values ranging from 10 to 20 mA cm
-2
. During the 
electroplating process, the Ni plating solution is stirred with a magnetic bar at a moderate 
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speed. This stirring effect enables removal of some of the high number of bubbles that 
form on the surface of the substrate during the Ni electrodeposition process, particularly 
when high current densities are applied.  
 Next, the robotic arm removes the sample from the Ni bath, and the excess 
solution on the sample is allowed to drip off from the substrate for three seconds. The 
sample is immersed in the first rinsing bath and then the second rinsing bath both of 
which contain deionized (DI) water. To ensure a thorough cleaning of the substrate, the 
arm moves the sample horizontally in the x-direction inside the rinsing baths for a total 
duration of 15 seconds each. Having two separate rinsing baths minimizes the cross-
contamination between the Ni and Cu plating solutions. The time the sample spends in 
the air is minimized by rapid movements of the robotic arm, in order to prevent the 
freshly deposited layer from becoming oxidized, especially after the electrodeposition of 
the Cu layer. 
 Following the rinsing process, the arm quickly immerses the sample in the Cu 
plating bath, and the electroplating is performed for the given amount of time at the same 
current density as in the case of Ni. No agitation is performed in the case of Cu 
electrodeposition. A high-purity Cu sheet of the same geometric surface area as the 
sample is utilized as the anode. Prior to electrodeposition process, the Cu sheet is 
smoothed with a high-grade (600) sand paper and then cleaned with 
acetone/methanol/IPA mixture. Next, the Cu sheet is immersed in a diluted HCl solution 
(HCl:H2O = 1:4) to remove the oxide layer on the Cu surface and then thoroughly rinsed 
with DI water followed by a blown nitrogen treatment.  
 For long-lasting plating processes (e.g., > 24 hours), the Cu anode was observed 
to be severely degraded due to the highly corrosive plating bath. As a result of this 
degradation, large amount of precipitates, which were suspected to negatively impact the 
quality of the deposits, were found on the bottom of the plating bath container. To avoid 
the precipitation of the degradation products, the Cu anode was kept wrapped in a 
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microporous filter paper throughout the plating process. A similar situation was not 
observed with the Ni anode.  
 This deposition sequence is repeated for as many times as the desired number of 
pairs of Cu/Ni layers. During the long-lasting electroplating processes where more than 
25 pairs of Cu/Ni layers are deposited, the rinsing baths are refreshed every 25 pairs. 
Also, during such long-lasting electroplating processes, a significant decrease was 
observed in the amount of the plating solution, which stems from the evaporation of the 
water from the bath. Depending on the temperature in the lab, decreases in the volume of 
the plating bath by as high as 20% happened to be observed after 24-hour-long plating. 
The effects of these losses on the deposit quality could be quite severe as this indicates a 
significant change in the concentration of the bath. To compensate these losses, high-
purity DI water was regularly added to the baths after each deposition of 25 pairs of 
Cu/Ni layers.  
 Once the electroplating process is completed, the photoresist mold is stripped 
from the substrate. Depending on the type of the multilayer structure, either the Cu 
etching process (see section 2.3), or the deposition of the second photoresist layer is 
initiated. The former process is pursued for the partially etched structures, which will be 
discussed in section 2.1.1.1. The latter process involves the anchor-supported multilayer 
structures, which can be found in section 2.1.1.2. 
2.1.1.1 Partially Etched Structures 
 Three different types of fabrication approaches have been adopted for the 
realization of the lateral high-aspect-ratio structures. In this first approach, the etching 
process is initiated immediately after the removal of the photoresist mold. This 
fabrication sequence is shown in Figure 2.4. Cu layers are partially etched by using a Cu 
etchant providing an infinite selectivity of Cu over Ni. Details regarding the etchant will 
be discussed in section 2.3.  
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 As can be seen from Figure 2.4, the more Cu that is removed, the more Ni surface 
area is exposed. On the other hand, it is also crucial to preserve a certain amount of Cu in 
order to provide both electrical connection between the Ni layers, as well as mechanical 
support to prevent the Ni structure from collapsing. To shorten the etching time, the 
layers contain a number of etching holes (see Figure 2.3). The presence of these etching 
holes enables the advancement of the etching from multiple points within the structures 
and thus, a faster removal of Cu layers. Increasing the number of etching holes results in 
a faster processing, but at the expense of decreasing the total surface area of the electrode 
structure.  
 The multilayer metallic structures fabricated according to this approach have been 
utilized as current collectors in Zn-air battery applications (see Chapter 3). The main 
advantage associated with this approach is that, compared to anchor-supported structures 
illustrated in Figure 2.5, it is based on a much simpler fabrication sequence which 
involves a single photolithography process. Also, since only partial etching is performed, 
the duration of the etching process is much shorter. However, due to the diffusion-related 
non-uniformity issues taking place in the prolonged etching processes, which will be 
discussed in detail in section 2.3, the partial etching approach is not recommended for 
structures which have a large area confined within the outer perimeter (i.e., footprint). 








Figure 2.4: Fabrication sequence for the partially-etched multilayer structures: (1) 
development of the photoresist mold on a metal-coated substrate, (2) deposition of Ni and 
Cu layers in an alternating fashion, (3) removal of the photoresist mold, and (4) partial 
etching of sacrificial Cu layers 
 
2.1.1.2 Anchor-Supported Structures 
 To overcome the issues originating from partial etching process and also, to 
enable structures with higher surface areas, methods to fabricate anchor-supported 
structures have been developed. The fabrication sequence for this approach is 
summarized in Figure 2.5.  
 Unlike the case of the partially etched structures, the removal of the photoresist 
after the sequential electroplating process is followed by the deposition of the second 
photoresist layer, which serves as a mold for the anchors. The anchors are then 
electroplated onto specific regions of the sidewalls of the multilayer structures by using 
the plating bath of the structural material (i.e., Ni) so that they do not dissolve in the 
etching process. Upon completion of the anchor electroplating, the second mold is 
stripped and the sample is immersed in the Cu etchant for the selective and complete 
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removal of the Cu layers. To ensure the complete removal, the etching durations were 




Figure 2.5: Fabrication sequence for the anchor-supported structures: (1) development of 
the photoresist mold on a metal-coated substrate, (2) electroplating of sequential Ni and 
Cu layers, (3) deposition of the second mold, (4) electroplating of Ni anchors, (5) 
removal of the second photoresist, and (6) selective and complete removal of the 
sacrificial Cu layers 
 
 This approach enables the realization of the maximum theoretical surface area of 
the multilayer structures by allowing the complete exposure of both sides of the 
individual Ni layers. This is achieved at the expense of the total fabrication time, since 
the etching duration is significantly increased. The resultant structures have been utilized 
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as current collectors for secondary battery chemistries, as well as electrochemical 
capacitors, which will be discussed in Chapters 4, 5, and 6.  
2.1.1.3 Polymer-Based Structures 
 The same multilayer fabrication approach has been applied to polymer structures 
as well. There are three main motivations behind this route: (1) Using polymer structures 
would enable much lighter backbone materials than metals for a given mass and/or 
volume, which opens up the possibility for higher energy and power densities; (2) in 
contrast to metals that only have a small group of electrodepositable members, there is a 
wide variety of polymers that can be studied; and (3) unlike the metal electroplating, 
where highly corrosive (e.g., acidic Cu plating bath) and relatively toxic electroplating 
baths (e.g., cyanide-based baths), as well as hazardous chemicals may be utilized, the 
fabrication of the polymer structures is a more environmentally friendly process. 
 Similar to previously described metal-based approaches, two different polymers 
are used in the fabrication process, one being sacrificial while the other one is structural, 
and they are deposited in an alternating sequence. One of the major differences between 
the processing of the metal-based and polymer-based structures is that no mold is 
required for the latter one, which introduces simplicity to the process. Since no mold is 
utilized for the polymer structures, their final shape is obtained by the laser-
micromachining, which is applied upon completion of the deposition of multilayer 
structures. The other major difference is the deposition technique utilized in both 
approaches. Metal-based structures are deposited electrochemically, while the polymers 
in this study undergo sequential spin-coating process. 
 As in the case of metallic multilayer structures, two fabrication approaches were 
pursued for the polymer-based structures: anchor supported and partially etched 






Figure 2.6: Fabrication sequence for the anchor-supported multilayer polymer structures: 
(1) sequential spin-coating of structural and sacrificial polymer layers, (2) laser ablation 
to open holes for the supporting posts, (3) deposition of the structural polymer in the 






Figure 2.7: Fabrication sequence for the partially etched multilayer polymer structures: 
(1) sequential spin-coating of structural and sacrificial polymer layers, (2) laser ablation 
to open holes for the supporting posts, (3) removal of the sacrificial layers, and (4) 
metallization of the multilayer structure 
 












Unity/POSS Unity Good Poor Thermal or wet 
Unity/SU-8 Unity Poor Good Thermal or wet 
POSS/SU-8 POSS Good OK Wet 
Avatrel/SU-8 Avatrel OK Poor Wet 
Avatrel/POSS Avatrel Good Good Plasma 
 
 Several polymer pairs have been studied most of which are listed in Table 2.2. 
Among these alternatives, a photodefinable polynorbornene-based polymer (Avatrel 
2585P, Promerus) and a photodefinable epoxy-functionalized polymer (photodefinable 
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epoxycyclohexyl polyhedral oligomeric silsesquioxane (POSS)) pair with its good 
adhesion and ablation qualities were found to be the best candidate for the fabrication of 
the multilayer structures.  
 Another polynorbornene-based polymer (Unity 2203, Promerus) was also paired 
with POSS. Unity/POSS pair demonstrated a good adhesion quality as shown in Figure 
2.8.A. However, its ablation process was problematic as it requires higher energy and 
longer duration to ablate through. Also, tapered side walls were observed in the ablated 




Figure 2.8: SEM images of the multilayer polymer structures based on 3 pairs of 
Unity/POSS: (A) cross-sectional view of the sidewall following the dicing process, (B) 




 The Unity/SU-8 pair, on the other hand, requires much less power to ablate, as 
well as formed clean and non-tapered side wall profile in the ablated holes. The main 
drawback is the poor adhesion quality between the layers, which results in non-uniform 
deposition of the layers. Similar to Unity/SU-8 pair, Avatrel/SU-8 pair has poor ablation 
qualities too, but a slightly better adhesion quality between the layers.  
 Taking all these aspects into account, Avatrel/POSS has been suggested as the 
most promising pair of polymers to study for these applications. In this scenario, POSS 
and Avatrel make up the structural and sacrificial layers of the multilayer structures, 
respectively. A proof-of-concept structure consisting of 3 pairs of POSS and Avatrel 
layers was fabricated. 
 As in the case of metal-based structures, Si wafer or glass was preferred as 
substrates on which the multilayer structures were deposited. Figure 2.6 and 2.7 illustrate 
the conceptual rendering of the fabrication processes for the polymer multilayer 
structures. The fabrication sequence starts with the spin-coating of the POSS layer on the 
Si substrate. A two-step spinning process was performed where the spin speed was set to 
500 rpm for 10 seconds and then increased to 3500 for 30 s. Following the spinning, a 
soft-bake was performed on a hotplate at 105 °C for 3 minutes. Next, a flash UV 
exposure was carried out for 40 seconds where the wavelength and the power density of 
the UV light were 365 nm and 5 mW cm
-2
, respectively. Immediately after the exposure, 
the sample was placed on a hotplate at 105 °C for 3 minutes to perform the post-exposure 
bake. It was found that the baking steps are quite critical. If not performed properly, the 
solvent from the subsequently deposited layer was observed to dissolve and thus deform 
the previously deposited layer. In order to minimize the total duration of the whole 
process, no waiting time was allowed between the steps. The thickness of the POSS layer 
enabled under the given conditions was found to be ~6 μm by using a surface profiler 
(Tencor P15). 
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 Following the deposition of the POSS layer, the Avatrel layer was spin-coated as 
the next layer. As in the case of POSS, a two-step spinning process was performed. 
Initially, the spin speed was set to 500 rpm for 10 seconds and then increased to 1000 
rpm for 30 seconds. Soft-bake, UV-exposure, and post-exposure bake steps were carried 
out under exactly same conditions as the POSS layers. The final Avatrel layer was 
measured to have a thickness of 2 μm. Upon completion of the Avatrel deposition, the 
whole process up to this point was repeated two more times to finalize the fabrication of 
the polymer-based multilayer structure with three pairs of layers. 
 Ideally, the Avatrel layers were meant to be slightly thicker than the POSS, since 
they were planned to serve as sacrificial layers. Therefore, the spinning speed for the 
Avatrel was much smaller than that of POSS. Nevertheless, the POSS layers in the 
resultant structure were found to be approximately 3 times as thick as the Avatrel layers, 
as can be seen in Figure 2.9. This resulted from the high viscosity of POSS, which can be 
subject to change by modifying the amount of solvent in the polymer.  
 The sequential deposition of the Avatrel/POSS layers was followed by the laser 
ablation process. As shown in the fabrication sequence in Figure 2.6, the ablation process 
enables the formation of the holes in the multilayer structure which were meant to be 
filled with the structural polymer, i.e. POSS, to provide mechanical support following the 
removal of the sacrificial polymer. The specifications of the laser had to be optimized to 






Table 2.3: The specifications for the laser used in the ablation process 
 
Laser type UV Excimer 
Wavelength 248 nm 
Mask Diameter 0.4 mm 
Demagnification x5 
Laser Energy 200 mJ 
Discharge High-Voltage 17.7 kV 
Transmission 50% 
Number of Pulses 60 
 
 Using the optimized parameters of the laser, an array of 10x10 holes were etched 
on a footprint of 3.24 mm
2
, which can be seen in Figure 2.9. The diameters of these holes 
are 75 μm and have a center-to-center distance of 180 μm. As can be seen from the high-
resolution scanning electron microscopy (SEM) image in Figure 2.9, the individual POSS 
and Avatrel layers can easily be distinguished indicating a good ablation capability. Some 
polymer residues originating from the redeposition of the molten polymers immediately 
after the ablation can also be noticed on the surface of the Si substrate. 
  Based on the fabrication sequence given in Figure 2.6, the holes were filled by 
pouring POSS onto the ablated multilayer structure, which was followed by soft-bake, 
UV exposure, and post-exposure bake steps under the same conditions as before. The 
next step involves complete removal of the sacrificial layers in the multilayer structures. 
To the best of our knowledge, there is not an appropriate wet etchant that would 
selectively remove Avatrel over POSS. Also, for this kind of polymer-based processes, 
wet etching may easily result in the stiction of the structural layers to each other 
following the removal of the sacrificial layers, which causes substantial deformations in 
the resulting structure. Therefore, thermal and plasma etching were considered as 





Figure 2.9: Optical and SEM images of the polymer-based multilayer structure with 3 
pairs of Avatrel/POSS layers: (A) optical image showing the top view of a 10x10 hole 
array after laser ablation, (B) SEM image showing the cross-section of a laser-ablated 
hole in the multilayer structure 
 
 Selective thermal removal of polynorbornene-based sacrificial polymers has been 
successfully demonstrated [2]. However, according to the thermal gravimetric analysis 
(TGA) profiles of Avatrel and POSS, they have relatively close degradation temperatures 
both of which are well above 300 °C [3, 4]. Because of this, thermal degradation was 
considered as an impractical tool for the removal of the sacrificial polymer in this 
particular multilayer system. Nonetheless, some attempts were made by placing the 
sample in the oven and increasing the temperature slowly to 405 °C at a ramp-up rate of 1 
°C min
-1
. After allowing the sample to rest at 405 °C for 2 hours, it was again cooled 
down to room temperature at the same rate. The SEM image showing the results of the 
selective thermal etching attempts can be seen in Figure 2.10. Avatrel layers were able to 
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be removed successfully without leaving any residues behind; yet, the remaining POSS 









 Therefore, plasma treatment remained as the only option to selectively remove the 
sacrificial layers. Oxygen plasma containing small amounts of sulfur hexafluoride (SF6) 
has been demonstrated to be successful in selective removal of the Avatrel over POSS 
[4]. However, certain problems exist regarding the use of plasma for this kind of 
applications. First, plasma etching is a rather complicated process since there are many 
parameters (e.g., choice of gas, power, gas flow rate, and pressure) that must be fine-
tuned to optimize the etching rate, so that a highly selective and relatively fast etching 
can be enabled. Second, unless a barrel asher plasma is utilized, the plasma process itself 
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is highly anisotropic and therefore, etching of the sacrificial layers in the lateral 
dimension becomes quite complicated. Lastly, even if the isotropy is improved, the 
complete removal of the sacrificial layers is quite challenging, as the plasma will only be 
able to attack from the outer perimeter of the multilayer structure. Because of this, an 
alternative fabrication process had to be developed which involves partial removal of the 
sacrificial layers, as demonstrated in Figure 2.7. In this approach, the laser-ablated holes 
are not filled with the structural polymer. Instead, similar to the case of partially-etched 
metallic multilayer structures, they serve as etching holes which improve the access of 
the plasma to the sacrificial layers.  
 In order for this method to be efficient, the number of holes needs to be increased, 
which provides a faster etching rate for plasma. Figure 2.11 shows the optical images of 
the multilayer structure with a denser array (20x20) of holes. To improve the isotropy of 
the plasma process, the chamber pressure was increased while the power was being 
reduced. Details of the plasma specifications can be found in Table 2.4.  
 
Table 2.4: Plasma specifications for the removal of the sacrificial polymer layers 
 
Plasma type Reactive Ion Etcher (Plasma-Therm) 
Pressure 500 mTorr 
Power 75 W 
O2 Flow Rate 90 sccm 
SF6 Flow Rate 1 sccm 
Duration 1 hour 
 
 An array of 20x20 holes shown in Figure 2.11.A was fabricated on a footprint 
area of 3.24 mm
2
. For single layer thin-film structures, the etching rate of the plasma can 
simply be determined experimentally by periodically measuring the thickness of the film 
throughout the plasma etching process. However, in this case, where the etching occurs in 
the lateral direction, assuming a constant etching rate over the course of the entire plasma 
etching process is not realistic. Yet, a method had to be found to determine the surface 
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area obtained after the etching process. SEM images showing the tilted view of the holes 
in Figure 2.12 confirm that no matter how much tilted, visually it is not possible to 
measure the depth of etching by means of SEM. However, it was found that the undercut 
resulting from the partial removal of the sacrificial polymers can be visible due to the 
change in transparency of the multilayer polymer structure. By making use of an optical 
microscope, the boundaries of the undercut regions in the form of light yellow rings 




Figure 2.11: Optical images showing the top view of the high-density array of holes 
enabled by laser ablation: (A) holes before plasma etching, (B) holes after 1-hour-long 
plasma etching, and (C) closed-up view of the holes after the plasma etching 
 
 The closed-up view of the holes given in Figure 2.11.C clearly shows a quite 
uniform etching profile enabled by the plasma process. To estimate the maximum 
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achievable depth in the lateral direction, plasma process whose recipe is given in Table 
2.4 was applied for various lengths of durations. It was found that after approximately 
one hour, no significant advancement of etching was observed, and the process reached 
saturation. Therefore, this etching depth of approximately 40 μm should be taken into 





Figure 2.12: SEM images of the multilayer POSS/Avatrel structures following partial 
plasma etching of Avatrel layers 
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 Despite the aforementioned advantages of the polymer-based approach and 
promising progress in the realization of these multilayer structures, certain difficulties 
have been encountered during the fabrication process. First, the processing times for the 
polymer-based structures are substantially longer than for their metallic counterparts. For 
example, deposition of a single layer of polymer includes soft-bake, exposure, and hard-
bake steps whose total durations add up to nearly 10 minutes, while the electrodeposition 
of a single layer of metal, depending on the current density, can take only half as much 
time. In addition, the long processing time of the photoresist mold for the metal structures 
is easily compensated by the long duration of the laser ablation step for polymers which, 
even for a multilayer structure composed of 3 pairs of layers, takes several hours to 
prepare the same amount of samples as with metals.  
 Second, the processing of polymer-based structures involves expensive equipment 
such as photolithography tool for the exposure of individual layers; UV laser to perform 
the ablation; and plasma tool to carry out the etching. Although the photolithography and 
plasma processes are used in the fabrication of metallic structures too, they are only 
required for the preparation of the mold and for much shorter durations.  
 Lastly, the lack of a similar, robotically-assisted experimental setup for the lab-
scale fabrication of the multilayer structures prohibits the realization of highly laminated 
structures. While a simple robotic arm suffices to perform the sequential 
electrodeposition of metallic layers, a similarly simple approach is not possible with 
polymers since a wide variety of processes, including spinning, soft- and hard baking, 
and lithography, is required to deposit each polymer layer. Hence, a more complicated 
automation needs to be implemented to achieve multilayer polymer structures comprising 
comparable amount of laminations with the metal-based approach, which is not available 
in our lab. 
 Taking all of these facts into account, polymer-based approach was not pursued 
further to fabricate electrodes for energy storage applications. Nonetheless, the 
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demonstration of the applicability of the multilayer fabrication to the polymer-based 
structures was quite remarkable in several ways. In the diverse world of polymers, there 
may be other pairs of coherent polymers which involve much simpler deposition 
processes, such as those relying solely on immersion or single-step spin-coating. Using 
this kind of polymers would significantly shorten the processing time and simplify the 
fabrication process. Also, by rendering them photodefinable through introducing 
photoactive materials, it is possible to pattern polymers without utilizing any laser for 
ablation. Moreover, some polymers are known to be readily electrochemically active. By 
implementing these polymers in the fabrication process, the possibility exists to fabricate 
electrodes for energy storage applications through a simple and environmentally friendly 
process.  
 
2.1.2 Vertical High-Aspect-Ratio Structures 
 The fabrication process of the vertical high-aspect-ratio structures starts with the 
deposition of high-aspect-ratio photoresist pillars onto the glass substrate. For this 
application, transparent substrates are required since the fabrication process involves 
backside exposure of the photoresist film, as will be explained in detail in Chapter 6.3.1. 
Hence, Si wafers are not suitable for this application. Unlike the previous approaches in 
this study, where the photoresist films were utilized as temporarily formed molds, in this 
particular approach, they constitute an essential and permanent component of the final 
structures. Therefore, in addition to its capability to form high-aspect-ratio pillars, the 
chemical and mechanical stability of the photoresist is also an important criterion when 
selecting the appropriate material. Both SU-8 and AZ 125 nXT have been reported to 
possess these features. However, once cross-linked, SU-8 proved to be more stable and 




Figure 2.13: Fabrication scheme for the vertical high-aspect-ratio structures: (1) 
deposition and metallization of high-aspect-ratio SU-8 pillars, (2) sequential 
electroplating of Ni and Cu layers, (3) mechanical lapping of the top side, and (4) 
selective etching of Cu layers 
 
 Following the deposition and patterning of the high-aspect-ratio SU-8 pillars onto 
the substrate, metallization is performed by sputtering Ti and Cu layers. In this 
application, the deposition of an additional Ti layer onto the Cu layer is not required, 
since the sputter process is immediately followed by the electrodeposition of Cu and Ni 
layers without the sample undergoing any pretreatment or further processing.  
 Upon completion of the sequential electrodeposition process, the pillars are 
mechanically polished from the top side using emery papers of various grades. This 
polishing process is carried out until all of the electroplated Ni and Cu layers 
accumulated on top of the SU-8 pillars are removed. In this way, the interleaved Cu 
layers are exposed, as shown in the third step of the fabrication sequence in Figure 2.13. 
In the last step, the substrate is immersed in the selective Cu etchant for the removal of 
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the Cu layers. More details about the individual steps of the fabrication process will be 
described in Chapter 6.3.1. 
 
2.2 Mold Preparation 
 Preparation of the mold is one of the most crucial steps in the fabrication process 
of the metal-based, lateral high-aspect-ratio electrodes described herein, as the mold will 
determine the final geometry of the multilayer structures that are to be electroplated in the 
subsequent step. Hence, adequate structures that can serve as mold are required. These 
molds are required to possess the following properties: (1) nonconductive, easily 
patternable, high aspect ratio structures with feature sizes on the order of microns; (2) 
good adhesion to the substrates (e.g., glass or silicon); (3) high chemical and physical 
resistance when exposed to highly corrosive electroplating solutions for extended periods 
of time, and (4) relatively easy removability upon completion of the electrodeposition 




 NR-21 (Futurrex) is a negative-tone photoresist that was utilized as a mold for the 
electroplating of structures with thicknesses of up to approximately 125 μm. In addition 
to its relatively short and simple photolithography process, it is able to be removed easily 
via acetone following the electroplating process, rendering it an appealing choice. 
Although acetone was found to not dissolve the photoresist completely, it was shown to 
be very effective at removing the photoresist by weakening the adhesion between the 
photoresist and the substrate. More information about the fabrication process using NR-
21 is available in the subsequent chapters of this study.  
 However, for higher capacity applications which require structures with a greater 
number of laminations (i.e., a total thickness of significantly higher than 125 μm), the use 
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of NR-21 was found to be problematic. Complications arose during the pre-exposure 
bake and the photolithography steps of the fabrication process, which prohibited the 
realization of thicker molds using NR-21.  
 The photoresist was also found to be not suitable for electroplating processes that 
comprise long durations of exposure to electroplating baths, particularly in the case of 
high corrosive baths with low pH (e.g., Cu bath). After long electroplating processes 
exceeding 12 hours, color changes and wrinkles were observed on the surface of the 
photoresist mold, which most likely is an indication of chemical interactions between the 
chemicals in the bath and NR-21. Although the photoresist remained intact throughout 
the electroplating process, these interactions could easily contaminate the electroplating 
bath and hence, have an adverse effect on the quality of the deposition. Also, on some 
occasions, photoresist delaminations were observed in certain regions, principally at the 
edges of the substrate. Therefore, photoresist chemistries for mold formation were sought 
for applications requiring higher thicknesses and long electroplating durations. 
 
2.2.2 SU-8 
 SU-8 is an epoxy-based negative photoresist that has been known to be a good 
candidate for the fabrication of high-aspect-ratio structures [5]. Some of the applications 
involving high-aspect-ratio SU-8 structures serving as templates for the multilayer 
structures were demonstrated in the section 2.1.2. Fabrication process of these SU-8 
pillars is covered in more detail in Chapter 6.3.1.  
 Processing parameters pertaining to the fabrication of SU-8 structures, with 
dimensions ranging from submicron up to millimeter thicknesses, have been well 
established. However, their fabrication process becomes problematic when they are 
utilized as temporary structures. For example, the molds used for multilayer structures 
demonstrated in this study need to be removed upon deposition of the multilayer 
structures. 
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 Once cross-linked, SU-8 exhibits a high chemical resistance, and its removal by 
means of chemical etching without damaging other structures on the same substrate can 
be quite challenging. Other methods such as burning the SU-8 or immersing it in molten-
salt baths have also been suggested; however, none of these fabrication steps are 
compatible with the metallic structures existing on the same substrate as the SU-8 [6].  
 Plasma-assisted processes, such as reactive-ion etching (RIE) proved to be 
successful in the removal of a variety of polymers. Several recipes have also been 
developed for the etching of SU-8 [7]. However, in order to remove large quantities of 
SU-8 (e.g., molds with thicknesses up to 1 mm), high-power plasma with prolonged etch 
times are required. Such processes were found to cause delamination of the seed layers 
from the substrate along with the multilayer structures fabricated on them. The use of 
plasma for the removal of large quantities of SU-8 is also not favorable for the long-term 
maintenance of the plasma tool.  
 An interesting phenomenon shown in Figure 2.14 was observed when the RIE 
was applied for relatively short durations: Portions of the SU-8 mold located in the 
proximity of the metallic multilayer structure were able to be removed, suggesting an 
improved etching rate nearby the metal surface. This phenomenon was postulated to be 
stemming from the catalytic effects of the metals. However, the mechanism behind this 
process was not clearly understood.  
 To determine if the spacing between the pillars and the multilayer structure would 
suffice to provide the required opening for the diffusion of ions during both the etching 
and electrochemical operation processes, electrodes with partially etched SU-8 mold 
were fabricated. It can be seen from Figure 2.14 that the presence of the partially etched 





Figure 2.14: SEM images of the partially etched SU-8 mold and multilayer Ni/Cu 
structure following partial etching of the Cu layers 
 
 For the complete removal of the SU-8 molds, removal techniques relying on 
physical interactions were found to be more promising than the approaches comprising 
chemical reactions. One of these techniques involves the utilization of strong adhesive 
tapes. In this technique, the tape is carefully stuck to the top surface of the multilayer 
structure, ensuring a decent contact between the tip of the SU-8 pillars and the adhesive, 
as illustrated in Figure 2.15. Then, by carefully peeling off the tape from the substrate, 
SU-8 pillars are able to be removed. However, in order for this method to work, the 
fabrication must be performed so that the total thickness of the multilayer structure is 
always significantly less than the thickness of the SU-8 mold. If the thickness difference 
is not quite significant, the tape may stick to the topmost layer of the multilayer structure 





Figure 2.15: Schematic illustration of removal of SU-8 molds with the help of a strong 
adhesive tape: (A) the tape stuck to the top of the SU-8 mold, (B) peeling off the tape 
from the substrate 
 
 Another physical removal technique involves immersion of the substrates with 
SU-8 mold in boiling water for many hours. This process relies on the mismatch of the 
thermal expansion coefficients between the polymer and metallic structures, as well as 
the bubbles applying force on the SU-8 mold, as illustrated in Figure 2.16. Introducing 
sonication to the boiling water was found to enhance the removal rate. However, most of 
the time, a number of multilayer structures were also found to be released from the 




Figure 2.16: Conceptual rendering of the SU-8 removal process via boiling water 
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 Among all these techniques aiming to remove SU-8 mold, none of them was able 
to provide a complete removal of the mold in a consistent way without causing any 
damage to the multilayer structures. The most consistent technique with satisfactory end 
results was found to be the partial plasma removal of the mold near the sidewalls of the 
multilayer structures; yet, still a significant amount of SU-8 remains on the substrate. 
Even if the presence of the remaining SU-8 would not constitute a problem for the 
diffusion of ions during both the etching and operation of the electrodes, it would cause 
an increase in the total mass of the electrode resulting in reduced power and energy 
densities. In addition, some fabrication processes, such as the anchor-supported 
multilayer structures, require a second lithography step to form another photoresist mold 
for the electrodeposition of the anchors. The presence of the partially etched SU-8 molds 
could severely alter the deposit quality of the second photoresist mold. Moreover, 
plasma-assisted removal is a relatively expensive process, which reduces the cost-
effectiveness of the whole fabrication process of the electrodes. Therefore, the utilization 
of the SU-8 molds for the lateral high-aspect-ratio metallic structures has not been 
pursued any further. It was concluded that the only use of SU-8 in this study is to provide 
a template for the vertical high-aspect-ratio multilayer structures, which will be covered 
in more detail in Chapter 6. 
 
2.2.3 AZ 125 nXT  
 Recently, a new type acrylic photoresist (AZ 125 nXT) has been shown to enable 
structures with thicknesses exceeding 1 mm, which also possess aspect ratios as high as 
20:1 and above [8]. Its ability to be removed through wet stripping without the need for a 
plasma-assisted process has made the photoresist an attractive choice for our studies. 
 Figure 2.17 and 2.18 demonstrate some of the high-aspect-ratio molds in the form 
of cylindrical and rectangular pillars, respectively. As can be seen from these figures, a 
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large number of pillars (>1000) can be fit on a footprint of 1 cm
2
, indicating that 




Figure 2.17: Optical images showing the top view of the AZ molds in the form of 
varying number of cylindrical pillars all built on a footprint of 1 cm
2
: (A) 16x16, (B) 





Figure 2.18: Optical images showing the top view of the AZ molds in the form of 
varying number of rectangular pillars all built on a footprint of 1 cm
2
: (A) 22x9, (B) 
22x10, (C) 25x12, and (D) 22x15 
  
 However, there are some problems associated with this photoresist as well. First, 
the pre-exposure bake conditions for this photoresist needs to be optimized, especially for 
thick structures since the solvent content must be maintained within a specific range 
(12.5% to 25%) during the baking process [8]. If the amount of solvent drops below that 
critical range, the photoresist becomes impossible to develop. If the baking time is too 
short, such that the amount of the solvent remains above the given range, the photoresist 




 Since this particular photoresist is used for the fabrication of ultra-thick molds, 
relatively high resolution, hard-contact exposure is performed which may last as long as a 
couple of hours, depending on the intensity of the UV source. After such long exposure 
times under hard-contact with chrome-mask and while being relatively soft due to the 
presence of the solvent within, the photoresist tends to stick to the chrome mask. To 
avoid this, a non-adhesive, transparent thin-film material (e.g., 12.5 μm low-density 
polyethylene (LDPE)) must be inserted. These films, however, would reduce the 
resolution and absorb some of the UV light during the exposure, which needs to be taken 




Figure 2.19: Thick AZ mold with rectangular pillar array: (1) optical image showing the 
top view of the mold developed for a single electrode with a footprint of 1 cm
2
, (2) VP-






Figure 2.20: Thick AZ mold with cylindrical pillar array: (1) optical image of the top 
view for one electrode, (2) VP-SEM image showing the pillar array and outer walls, and 
(3) closed-up image of the individual pillars 
  
 One last processing complication concerns the removal of the photoresist. 
Although it was mentioned earlier in this section that the removal is possible via wet 
stripping, it is not as simple a process as in the case of NR-21. Acetone works well with 
the removal of the bulk pieces of the photoresist that surround the multilayer structures; 
yet, it is unable to remove the photoresist pillars positioned inside the etching holes of the 
structures. To achieve a complete removal, dimethyl sulfoxide (DMSO) at 80 °C with the 
assistance of ultrasound sonication was used. Even under these conditions, 100% removal 
of the photoresist was not always achieved. 
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 Nonetheless, ultra-thick molds made of AZ 125 nXT with high aspect ratios and 
various geometries have been successfully demonstrated. More information pertaining to 
the fabrication details can be found in Chapter 4.3.2. Optical and SEM images of some of 
the fabricated structures are shown in Figures 2.19 and 2.20.  
 
2.3 Etching of the Sacrificial Layers 
 Etching is one of the most crucial steps in the fabrication of these multilayer 
electrodes. High-surface-area structures can only be achieved if the etching is performed 
adequately. The multilayer structures reported herein highly rely on a robust sacrificial 
etching process, where the sacrificial material is removed without damaging the structural 
layers.  
 For the metallic multilayer structures, two types of etching have been utilized: 
chemical etching which was used to selectively remove the Cu layers (section 2.3.1), and 
electrochemical etching performed for the selective removal of Ni layers (section 2.3.2). 
Etching methods pertaining to sacrificial polymers were discussed in section 2.1.1.3. 
 
2.3.1 Cu-etchant (Blue Etch) 
 Following the sequential electroplating of the Ni and Cu layers, Cu layers were 
subjected to etching process. The etchant that was used for this purpose was named after 
its color, hence the name “blue etch”. It was prepared by slowly adding copper sulfate 
(CuSO4) to the ammonium hydroxide (NH4OH) solution (30% NH3 basis) while 
performing a gentle stirring. In terms of the consistency of the etching rate over the 
course of the etching process, the best results were empirically determined by mixing 50 
g of CuSO4 with 500 ml of NH4OH.  
 Mass transport is a quite critical phenomenon in the etching process. For 
processes which involve high-aspect-ratio structure, such as the structures proposed 
herein, providing a uniform etching over the course of the whole etching process may be 
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quite challenging, since the ions are expected to diffuse hundreds of microns deep into 
the structures.  
 A consistently encountered symptom pertaining to mass transfer limitations 
across a number of multilayer samples is shown in Figure 2.21. The apparent etch rate of 
the Cu layers located at the bottom portion of the multilayer structures was found to be 
significantly less than for the layers located at the upper portion of the structures. This 




Figure 2.21: Uneven etching distribution across the multilayer structures due to the 
accumulation of the higher-density etch products on the bottom: (A) SEM image showing 
poorly etched Cu layers, (B) schematic illustration of the phenomenon 
 
 The uneven rate distribution within the structure was postulated to be originating 
from the accumulation of relatively denser etch products in the partially etched sidewalls 
of the multilayer structure. As mentioned earlier, blue etch was prepared by saturating the 
NH4OH solution with CuSO4. Hence, it is plausible to hypothesize that increased 
concentration of dissolved Cu ions and the consumption of ammonium ions in the 
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complexing of newly-dissolved Cu ions would lead to the precipitation of the solution. 
These precipitates were usually found on the surface of the substrate following a 
relatively long etching process that was performed without any stirring.  
 To alleviate this issue, the orientation of the substrate during the etching process 
was altered. With the help of laser-processed plastic platforms made up of mesh layers of 
poly(methyl methacrylate) (PMMA) which are resistive to the etchant, the structures 
were placed in an upside down orientation while a stir-bar was rotating underneath. In 
this way, heavier etch products were carried away from the sample, particularly in 
vertical high-aspect-ratio structures with concentric cylinders, enabling more uniform and 




Figure 2.22: Illustration of the PMMA platforms used for the Cu etching: (A) schematic 
view during the operation, (B) optical image of the actual platform 
 
 The Cu etchant can be reused if the etchant container is sealed well during the 
etching process and storage to avoid evaporation of NH3, which is critical for the etching 
process. In addition, care must be taken to prevent the contamination of the solution 
through avoiding the presence of materials, other than Cu, which can also be attacked by 
the etchant (e.g., Zn).  
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 Another problem associated with the blue etch is the non-uniformity of the 
etching rate and non-conformal etching of the Cu layers over the course of the etching 
process with durations exceeding several hours. This issue is illustrated in Figure 2.23.  
 To analyze the etching characteristics over a long period of time, one surface of a 
glass substrate was first coated with a ~2-μm-thick Cu film formed via DC sputtering. 
Next, the Cu surface was patterned with rectangular pillars of NR-21 photoresist. 
Following the photoresist development, a 2-μm-thick Ni film was deposited via 
electroplating. Upon completion of the Ni plating process, the photoresist was removed 
with acetone. Hence, a two-layer sample consisting of a Cu layer and Ni layer was 
formed. This sample was then immersed in blue etch. Periodically, the sample was taken 
out from the Cu etchant, rinsed thoroughly, and imaged from the back-side with a high-
resolution optical microscope.  
 During the first 2 hours, it was observed that the etching had advanced quite 
uniformly, as shown in the first two optical images in Figure 2.23. However, after four 
hours, deviations from the uniformity of the etching profile started to appear which can 
be clearly seen around the etching holes located in the center of the 3
rd
 image in Figure 
2.23. After 7 hours, most of the Cu layer except in the center regions was found to be 
etched in a non-uniform fashion, as demonstrated in the 4
th
 image.  
 Hence, the Cu etching rate is not uniform over the entire course of the etching 
processes with long durations. This is most likely because of the increased diffusion 
lengths of the larger scale structures. To alleviate this issue, the number of etching holes 
could be increased such that the distance between two adjacent etching holes is kept 
minimal. However, this would happen at the expense of the capacity of the final 
electrode, since higher number of etching holes results in reduced surface area per layer. 
Therefore, in applications with large footprint area, where relatively long diffusion path 
lengths exist, structures with partially etched Cu layers as described in section 2.1.1.1 
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were avoided. Instead, processes involving complete removal of the sacrificial layers 




Figure 2.23: Optical images showing the backside of the Cu/Ni-coated glass substrate 
following various durations of Cu etching 
 
2.3.2 Selective Electrochemical Etching 
 For the multilayer structures described thus far, Cu layers have been used as the 
sacrificial layers in Ni/Cu multilayer structures. However, for certain applications, having 
a Cu backbone instead of Ni might also be beneficial. For example, in terms of electrical 
and thermal conductivities, Cu is approximately 4 times as conductive as Ni. Hence, a Cu 
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structure may be more appealing than a Ni structure for certain applications, such as heat 
sinks and current collectors for some electrodes.  
 Although Cu is more noble (i.e., less reactive) than Ni, it is hard to find a 
chemical etchant that only attacks Ni but not Cu [9]. To the best of our knowledge, no 
chemical etchant has been reported for the selective removal of Ni over Cu that works as 
effectively as the previously described blue etch works for the removal of Cu. However, 
the removal of Ni over Cu has been demonstrated by means of electrochemical etching, 
where a potential was applied that lies between the corrosion potential of Ni and Cu in a 
sulfuric acid (H2SO4) solution [9].  
 Selective electrochemical dissolution of metals has been widely studied for 
various mixtures of metals [10-13]. Most of these studies comprise dealloying where the 
least noble element in a homogeneous solid-phase solution consisting of two or more 
metals is selectively dissolved in an electrolyte, enabling porous structures. These 
structures usually have high surface-to-volume ratio. In our case, however, it would not 
be considered as dealloying, since no homogeneous solution is formed by Ni and Cu. 
 As mentioned before, Cu is thermodynamically more stable than Ni. The standard 
electrode potential (SEP) for the Ni
2+
/Ni couple relative to the standard hydrogen 
electrode (SHE) is reported as -0.25 V, whereas the SEP of Cu
2+
/Cu couple is 0.34 V. 
Hence, Ni layers are expected to be selectively dissolved in acidic solutions when a 





However, this is usually not the case since Ni undergoes passivation in acidic solutions 
which complicates the selective dissolution process. The passivation has been shown to 
be less effective in the presence of sulfur [9, 14]. For this reason, H2SO4 was preferred as 




Figure 2.24: Potentiodynamic curves for Cu and Ni in 0.1 M H2SO4 solution: (A) current 
profiles of the Cu and Ni electrodes as a function of potential swept from -1 to 0.4 V (vs. 
Ag/AgCl) at a scan rate of 5 mV s
-1
, (B) closed-up view of showing the difference 
between the corrosion potentials of Cu and Ni 
 
 Figure 2.24 illustrates the potentiodynamic curves generated to find the optimal 
potential for the selective removal of the Ni layers in 0.1 M H2SO4. These curves were 
obtained through linear voltammetry by sweeping the potential from the cathodic 
potential of -1.0 V up to anodic potential of 0.4 V at a scan rate of 5 mV s
-1
. A clear 
difference was observed between the corrosion potentials of Cu and Ni, which were 
determined to be -18 and -58 mV, respectively. In order to enable Ni dissolution with 
nearly infinite selectivity, the applied potential should be located between the corrosion 
potentials of Cu and Ni. In addition, in order to maximize the selective dissolution rate of 
Ni layers without sacrificing any Cu, the applied potential has to be adjusted to a value 
slightly below the corrosion potential of Cu. Hence, the optimum potential based on the 
values obtained from Figure 2.24 was found to be -20 mV. 
 Multilayer Cu structures, fabricated by using this selective electrochemical 
etching technique, were utilized as current collectors in electrochemical capacitors. 
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Further details regarding the use and fabrication, as well as the SEM images of these 
structures can be found in Chapter 6.3.1.  
 
2.4 Surface Area Characterization 
 As mentioned in the first chapter, the surface area is one of the most crucial 
parameters affecting the performance of the electrode and needs to be maximized in order 
to enable high-power capabilities. In the case of well-ordered structures composed of 
multiple layers of well-defined geometries, such as rectangular planes and concentric 
cylinders as described in this work, the theoretical surface area can easily be calculated. 
Yet, it is also well known that the real surface area of the electrode (i.e., 
electrochemically active surface area accessible to the electrolyte) may significantly 
differ from its physically apparent geometrical surface area due to the surface roughness 
and the morphology of the deposits, particularly if the fabrication process involves 
electrodeposition. It has been demonstrated that factors such as the composition and 
aging of the electroplating bath, the temperature of the bath, plating current density, and 
the choice of the substrate to be electroplated can have a substantial effect on the porosity 
and grain size of the deposited films [15-19]. The surface roughness can easily be 
determined for simple geometries, such as single layer thin films, by making use of 
scanned probe techniques. However, these scanned probe techniques would only work 
for the topmost layer of the structures comprising relatively complex geometries, as 
described in this study. 
 Also, to have a precise control over the thickness of the active material that is to 
be deposited onto the high-surface-area 3D backbone structure in a conformal way, an 
accurate measure of the surface area is required to adjust the current density prior to the 
electrodeposition of the active material. Moreover, in certain processes, as described 
earlier in this chapter, where Ni serves as the sacrificial layer and selectively etched by 
electrochemical means, the surface area analysis needs to be performed to determine the 
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extent of etching. This is achieved by simply measuring the change in the surface area 
with etching time. For these reasons, surface area analysis is an important step in both the 
fabrication and characterization steps.  
 Brunauer-Emmett-Teller (BET) technique is a powerful analysis technique, which 
is widely used for determining the porosity and surface area of various materials, 
including catalysts and active materials utilized in energy storage applications [20]. The 
working principle of this technique is based on the physical adsorption of gas molecules 
on a solid surface.  
 However, this technique has limited utility when it comes to complex structures 
consisting of electrodes, connection pads, packaging material, and substrate. In addition, 
several shortcomings have been reported regarding its operating conditions including the 
need for large amounts of sample due to lack of sensitivity and treatments involving 
relatively high temperatures that exceed 100 °C, for contaminant removal, which may 
cause unexpected physical, and in some circumstances chemical, deformations in the 
electrode material [21].  
 Also, the surface area of an electrode determined by the BET technique may not 
necessarily be equal to the electrochemically accessible surface to the electrolyte, where 
the former one is generally significantly higher than the latter one, because of the gas-
phase nature of the process [22]. The difference between the two areas may be even more 
severe if solid electrolytes are utilized in the system.  
 Lastly, depending on the sample size and geometry, it may take several hours to 
characterize a single sample due to the long durations of the outgassing step during the 
BET analysis, rendering it unsuitable for some of the aforementioned fabrication 
processes requiring frequent analyses of the changes in surface area. For these reasons, 
BET was omitted, and underpotential deposition (UPD) was preferred as an inexpensive 
and relatively fast electrochemical tool for determining the surface area of the fabricated 
structures. 
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2.4.1 Underpotential Deposition (UPD)  
 UPD refers to a phenomenon where the electrodeposition of a species, typically a 
metal cation, to a solid substrate takes place at a more positive potential than the 
equilibrium, i.e. Nernst potential, for the reduction of this metal. It is a cost-effective and 
relatively fast technique enabling a precise and reproducible surface modification through 
formation of up to a monolayer thickness on the electrode surface [23]. This phenomenon 
originates from the fact that the metal-substrate interaction is energetically more 
favorable than the metal-metal interaction at that given potential.  
 UPD has been utilized for various applications including the detection of heavy 
metal ions in solutions, synthesis of catalytic surfaces with enhanced activity, formation 
of multilayered structures by electrochemical atomic layer epitaxy [24-34]. The utility of 
UPD for determining the active surface has also been well established for certain metals 
including platinum (Pt), gold (Au), silver (Ag), and Cu [21, 35-41]. Unfortunately, there 
is not a single electrolyte that can be used to determine the surface area of a variety of 
metals. Each metal has its own potential range that can be applied in only certain 
electrolytes containing specific cations. To the best of our knowledge, no electrolyte has 
been reported utilizing UPD to determine the surface area of Ni structures. For Cu, on the 
other hand, a few studies exist, which involve the UPD of thallium (Tl) to find the active 
surface area of Cu deposits [42-44]. Therefore, UPD could only be performed for 
determining the active surface area of the 3D Cu electrodes where Tl-based electrolyte is 
selected as a probe of the surface area. These Cu electrodes are fabricated by selective 
electrochemical removal of the Ni layers, as described earlier in this chapter. Details 
pertaining to surface area characterization of the Cu electrodes via UPD of Tl can be 
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3.1 Background and Motivation 
 Zn-air batteries have gained a substantial interest in recent years, primarily 
because they offer the highest energy density on a volumetric basis among commercially 
available electrochemical systems [1]. This high volumetric energy density originates 
from the use of atmospheric oxygen as one of their electrodes which therefore does not 
occupy space within the battery system. In addition to the high energy density, other 
unique attributes of Zn including its low equilibrium potential, stability in aqueous 
electrolytes, abundance, low toxicity, low cost, and ease of handling, result in it being an 
attractive choice for primary (i.e., non-rechargeable) energy storage applications [1].   
 During the discharge of the Zn-air battery, oxygen from the atmosphere diffuses 
into the carbon-based air cathode where the catalyst facilitates the conversion of the 
oxygen molecules to hydroxide ions (OH
-
) using the electrons generated from the 
oxidation of Zn in the counter electrode. As more oxygen is reduced to OH
- 
ions, the 
pressure inside the cell drops, resulting a pressure gradient between the air and the cell. 
This pressure gradient triggers the diffusion of more oxygen into the cell. 
 There are three main electrochemical components in commercial Zn-air batteries: 
(1) Zn in a fine powder form, (2) catalytic cathode reducing atmospheric oxygen to OH
-
 
ions, and (3) aqueous alkaline electrolyte, all of which can be seen in the simplified 
schematic of the system in Figure 3.1. Utilizing Zn in powder form is a good way of 
achieving high surface area, as well as high energy density. During the discharge of the 
battery, this Zn powder undergoes a series of anodic reactions which are given in 
Equations 3.1 to 3.3:   
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                  (3.1) 
                   
      (3.2) 
       
                 
    (3.3) 
 
These reactions generate a potential of -1.25 V vs. standard hydrogen electrode (SHE) 
[2]. The electrons generated as a result of these reactions are transferred to the cathode 
where the oxygen is reduced to OH
-
 ions as follows:  
 
           
           (3.4) 
 
providing a potential of 0.4 V. The overall reaction summarizing the discharge chemistry 
in the Zn-air battery can then be given as: 
 
                   (3.5) 
 
yielding a total theoretical cell potential of 1.65 V.  
   
 
 
Figure 3.1: A simplified schematic demonstrating the key features of a Zn-air cell [1] 
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 Despite the widespread use of Zn-air batteries, their performance has been 
reported to be inadequate for a range of applications demanding high power, due to the 
limiting current property of the Zn-air system [1, 3, 4]. This limiting current phenomenon 
takes place when the power demand is increased to a point where the cell cannot provide 
a corresponding current for the required power. At the beginning of the discharge 
process, the rate-limiting step is usually attributed to the transport of oxygen which is 
determined by the cell components such as vent hole configuration, PTFE, or the air 
cathode [1]. However, as the discharge proceeds, the anode becomes the rate limiting 
element due to the zinc oxide (ZnO) formation on the Zn powder surface, resulting in a 
decrease in the active surface area of the metallic Zn and hence, in an increase in the 
internal resistance of the electrode [1, 5]. 
 To mitigate the issues pertaining to high-power applications, various approaches 
have been utilized which maintain the high surface area while enhancing the power 
capability. Some of these approaches include: utilization of different forms of particulates 
such as ribbons, flakes, needles, or fibrous materials; non-conventional designs which 
improve the interface area; and fabrication of microposts that rely on Kirkendall effect 
[5-9]. Although these high-surface-area structures enabled an improved electrode 
performance, they involve relatively low utilization of the active material, particularly in 
the case of powder-based electrodes which was reported to be as low as 60 wt% [3]. In 
the case of fibrous Zn anodes, the utilization was shown to increase up to 86 wt% [3]. 
The low utilization of the active material mainly stems from the lack of a current 
collector to support the active material and to provide uniformly distributed diffusion and 
conduction path lengths across the electrode.  
 Herein, the first demonstration of the contribution of the multilayer structures to 
the improved power capabilities of the energy storage systems is demonstrated by 
utilizing Zn-air battery chemistry [10, 11]. As in the case of the aforementioned attempts 
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aiming to enhance the performance of the electrode, the multilayer backbone structure 
serving as the current collector provides an increased surface area for the electrode. 
Additionally, this mechanically strong and chemically inert backbone structure reinforces 
the anode and enables very high utilization of the active material, i.e. Zn, even at high 
discharge rates. The trade-off, however, is the reduced energy density due to the presence 
of the electrochemically inactive metallic backbone. To compensate for the loss in the 
energy density, the total thickness of the electrode (i.e., the number of layers in the 
metallic backbone) needs to be increased.  
 
3.2 Fabrication Process 
 The electrodes fabricated for the Zn-air systems are based on the partially etched 
lateral high-aspect-ratio structures that were described in Chapter 2.1.1.1. In this chapter, 
a more thorough description will be provided. 
 
3.2.1 Alternative Fabrication: Zn/Cu Multilayer Structure 
 The initial approach focused on the fabrication of multilayer electrodes composed 
of sequential layers of Zn with sacrificial Cu layers, as illustrated in Figure 3.2. However, 
certain complications arose when attempting to build the structures in the proposed 
fashion as shown in Figure 3.2. The first complication pertained to finding a suitable Cu 
bath which would not attack Zn layers in the sequential deposition process. The Cu baths 
used in our conventional processes are highly acidic and thus, electrodeposition of Cu 
onto Zn layers is not possible. Some cyanide-based Cu plating baths have been reported 
to be compatible with Zn. However, the use of a cyanide-based bath in the robotic plating 
setup is not desirable due to the size constraints which prohibits the use of a standard 






Figure 3.2: Alternative fabrication process for Zn/Cu pairs: (1) deposition of the 
photoresist mold on the metalized substrate, (2) sequential deposition of Zn and Cu 
layers, (3) removal of the mold, and (4) partial etching of the sacrificial Cu layers 
 
 To overcome this compatibility issue between Zn and Cu, an immersion plating 
bath was utilized for the deposition of Cu which consists of an aqueous solution 
containing copper sulfate (Cu2SO4), tartaric acid (C4H6O6), ammonium hydroxide 
(NH4OH), and high-purity DI water [13]. The detailed composition of the solution can be 
found in Table 3.1.  
The deposition mechanism of the Cu plating is based on the displacement reaction 
between the Zn and Cu layers. It differs from the electroless plating process since no 
reducing agents are required to reduce the Cu ions to the Zn surface. Instead, Zn itself 
acts as a reducing agent following the simple reaction mechanism: 
 
          
         
           (3.6) 
 
Using immersion baths can be beneficial in the sense that no power source is 
required. Hence, isolated areas on the substrate can be coated without worrying about 
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establishing an electrical connection. Also, it provides an excellent coverage on the 
surface of the base metal. However, the thickness of the deposited layers through 
immersion plating is limited and cannot be adequately controlled, which is against the 
premise of this study. 
 







CuSO4 30 g  
C4H6O6 52.5  
NH4OH (33% NH3) 55 ml  
ZnSO4  240 g 
NH4Cl  15 g 
(NH4)2SO4  30 g 
Saccharin  1 g 
DI water 1 L 1 L 
 
 For demonstration purposes, a structure with three pairs of Zn/Cu layers was 
fabricated. An acid chloride Zn electroplating bath was chosen to electroplate a Zn layer, 
which is composed of zinc sulfate (ZnSO4), ammonium chloride (NH4Cl), ammonium 
sulfate ((NH4)2SO4), saccharin and high-purity DI water [12]. The detailed composition 
of this electroplating bath is given in Table 3.1. A two-electrode-cell configuration was 
adapted where a high-purity Zn sheet was utilized as the anode. Prior to electroplating 
process, the Zn anode was polished with high-grade (>600) sandpaper, degreased with 
acetone-methanol-isopropyl alcohol (IPA) treatment, and rinsed thoroughly with DI 
water.  
 Figure 3.3 shows the SEM images of the multilayer structures composed of Zn 
and Cu layers. In order to create contrast between the layers and improve the visibility, 
Zn layers were slightly etched with diluted hydrochloric acid solution for 10 seconds. The 





Figure 3.3: Multilayer structure fabricated by sequential deposition of electroplated Zn 
and electrolessly plated Cu layers 
 
The main problem that needed to be overcome concerns the selective etching of 
the sacrificial Cu layers. As in the case of electroplating baths, the conventional Cu 
etchant that was used to selectively remove Cu layers from the Ni/Cu-based multilayer 
structures is not suitable for use with structures containing Zn layers, because the rate of 
Zn dissolution is much faster than that of Cu. None of the other recommended Cu 
etchants (e.g., FeCl3 and thiourea-based solutions) were found to have the selectivity to 
realize the desired structures. Yet, an empirically-found electrochemical etching method 
proved to possess relatively high etching selectivity of Cu over Zn. This method involves 
high potential anodization of the sample in an aqueous solution composed of 1 M 
potassium hydroxide (KOH) and 0.5 M sodium chloride (NaCl).  
 The SEM images of the structures made up of three Cu/Zn pairs following 10-
minute-long anodization in the KOH solution can be seen in Figure 3.4. Although a 
higher etching rate for Cu was able to be achieved than for Zn, it can be noticed that a 
significant amount of Zn was etched as well. Because of the difficulty in finding an 




Figure 3.4: Multilayer Zn/Cu structures following the anodization process 
 
3.2.2 Conventional Fabrication: Zn-Coated Ni/Cu Multilayer Structures 
 A slightly extended version of the conventional fabrication scheme discussed in 
Chapter 2.1.1.1, which includes the active material deposition and battery assembly can 
be seen in Figure 3.5. As the initial step, seed layers of Ti/Cu/Ti (500 nm/ 2000 nm/500 
nm) were sputtered onto a thermally oxidized silicon wafer. Next, the mold preparation 
was carried out by spin-coating a negative tone photoresist (NR-21) at 2500 rpm for 10 
seconds on the top Ti seed layer, resulting in an approximate thickness of 50 μm. A pre-
exposure bake step was performed at 80 and 150 °C for 5 and 1.5 minutes, respectively. 
After cooling for 10 minutes, the final shape of the NR-21 film was obtained via hard-
contact UV exposure through a glass mask with Cr patterns. A total energy of 3000 mJ 
was provided by the UV light with a wavelength of 365 nm. After performing the post-
exposure bake on a hotplate at 80 °C for 5 minutes, the sample was allowed to cool to 
room temperature, which took approximately 20 minutes. The development of the 
photoresist was carried out in an aqueous tetramethylammonium hydroxide (TMAH) 
solution (RD6, Futurrex). Before moving to the electroplating step, a brief descumming 
step was performed for 1 minute to remove the remaining photoresist residues via 





Figure 3.5: Fabrication sequence for the Zn-air batteries: (1) deposition of the photoresist 
mold on the metalized substrate, (2) sequential electrodeposition of alternating Ni and Cu 
layers, (3) removal of the mold, (4) partial etching of the sacrificial Cu layers, (5) 
electrodeposition of Zn on the multilayer current collector, and (6) sealing the top with 
the commercial air cathode and injection of the electrolyte into the case surrounding the 
electrode 
 
 Upon preparation of the mold, the exposed top Ti seed layer was removed using 
diluted hydrofluoric acid (HF) solution (HF:DI water, 1:50). The underlying Cu layer was 
utilized as a seed layer for the robotically assisted sequential electroplating process. In 
this process, 10 pairs of Ni/Cu layers were alternately electroplated at a constant current 
density of 10 mA cm
-2
. An all-sulfate Ni electroplating bath and a commercial Cu 
electroplating bath (details can be found in Chapter 2.1.1) were utilized for the repetitive 
alternating deposition of structural Ni and sacrificial Cu layers. Following the 
electroplating process, the photoresist mold was removed by acetone.  
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 Figure 3.6 shows the SEM images of the fabricated multilayer structures 
immediately after the removal of the mold. The etching holes labeled in Figure 3.6.D 
refer to the areas that were initially occupied by the photoresist pillars during the 
sequential electroplating process. These holes are vertically separated from each other by 




Figure 3.6: SEM images showing the multilayer structure after photoresist removal: (A) 
unpatterned structure, (B) side view of the air bridges showing the Ni and Cu layers, (C) 
patterned structure with etching holes and air bridges, and (D) closed-up view of the 
etching holes and air bridges 
 
 The sacrificial Cu layers were partially and selectively etched through a timed wet 
etching process by using the aforementioned Cu etchant. The etching process was 
performed for 30 minutes, which was sufficient to remove all the Cu between vertically 
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adjacent air bridges and to form a controlled amount of undercut in the vicinity of the 




Figure 3.7: Schematic description of the release process of the air bridges during the 
sacrificial etching of Cu layers 
 
 The mechanical support between the Ni layers, as well as the interlayer electrical 
connection, was provided by the remaining Cu located between the horizontally adjacent 
etching holes shown in Figure 3.6. The air bridges, on the other hand, are suspended and 
have no Cu in between to mechanically support them. Therefore, they are susceptible to 
collapsing if not handled properly. To prevent these bridges from collapsing following 
the completion of the etching process, the structures are immersed in a series of liquids: 
DI water, IPA, and methanol, where each following liquid has lower capillary forces than 
its predecessor.  
 Proof-of-concept structures with 10 pairs of Ni/Cu layer were prepared. 
Individual thickness values for Ni and Cu layers were measured to be approximately 1.5 
and 4 μm, respectively. The theoretical surface area of the metallic backbone following 
the partial removal of the Cu was estimated by making use of the following formula: 
 
                                                   (3.7) 
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where ANi and ACu are the respective net top surface area of the Ni and Cu layers, NNi and 
NCu are the respective number of Ni and Cu layers, hNi and hCu refers to the respective 
thicknesses of Ni and Cu layers, and PNi and PCu represent the net perimeter of the Ni and 
Cu layers, respectively [14]. Under the reported conditions, the surface area was 
calculated to be approximately 11 mm
2
 for a 10-layer structure, which indicates more 
than 5 times increase in comparison to the footprint area. 
 Accurate knowledge of the surface area of the multilayer structure is critical, 
since the current density plays a vital role on the morphology of the electroplated Zn. 
Also, in order for the gap between two adjacent Ni layers to be maintained and thus, to 
preserve the high surface area of the multilayer structure, it is important to control the 
thickness of the electroplated Zn deposit. The control over the Zn thickness is only 
possible with the precise knowledge of the surface area, since both the current density 
and the plating duration will be determined according to the surface area. 
 Based on Equation 3.7, it is possible to achieve significant improvements in the 
surface area by increasing the number of layers, as well as by increasing the amount of 
the Cu etched. In addition, higher surface areas can also be obtained by modifying the 
size, geometry, and the number of the etching holes. 
 
3.2.3 Fabrication of the Anode Electrode 
 The fabrication of the anode is achieved by electrodepositing Zn onto the 
multilayer backbone. Zn electroplating was carried out at a constant current density of 
approximately 10 A dm
-2
 utilizing the same acid-chloride electroplating bath and cell 
configuration as the one mentioned earlier in this chapter [12].  
 Electroplating current density is one of the primary determinants of the surface 
roughness of the deposits. Figure 3.8 illustrates the surface profile of two different Zn 
films electroplated at two different current densities, 10 and 20 A dm
-2
. The profiles were 
obtained by a noncontact, optical surface profiler (Wyko Profilometer NT3300, Veeco). 
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The parameters Ra, Rq, and Rt in Figure 3.8 represent arithmetic average, root mean 
squared, and the maximum height of the profile, respectively. According to the profiles, 
as well as the parameters, it can be seen that increasing the current density from 10 to 20 
A dm
-2
 nearly doubles the surface roughness of the Zn deposits. Although the surface 
roughness is usually considered as a desired feature in energy storage applications due to 
the increased surface area, it would render the process more complicated for applications 






Figure 3.8: Surface profiles of Zn films deposited at two different current densities: (A) 
10 A dm
-2




 Prior to the electroplating process, a vacuum treatment was applied with the 
sample immersed in the plating solution for 10 minutes. This ensured the removal of the 
trapped air in the etching holes, as well as in between the Ni layers, thus establishing a 
better exposure of the electrode to the plating solution.    
 SEM images showing the multilayer structures before and after Zn electroplating 
process are given in Figure 3.9. As can be seen from the figure, a conformal Zn coating 
was achieved with DC plating. It is also shown that the clearance between two adjacent 




Figure 3.9: Multilayer Ni backbone before and after Zn electroplating: (A) the corner of 
the multilayer electrode, (B) closed-up view of the corner after Zn electroplating, (C) 
etching holes after Cu etch, and (D) etching holes after Zn electroplating 
 
 To demonstrate the contribution of the partially etched metallic backbone 
structure to the performance of the electrode, the same amount of Zn was electroplated 
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under the same conditions as before onto an unpatterned and unetched Ni/Cu multilayer 
structure with the same total thickness and the same footprint area as the partially etched 
structures which can be seen in Figure 3.6.A. The reason behind electroplating Zn film 
onto the unetched multilayer structure, instead of directly onto the Cu seed layer with the 
same footprint area is to eliminate any performance discrepancies that may originate from 
the use of different material as a current collector, as well as from the difference in the 
total height of the structures which determines the inter-electrode distance once the 
battery assembly is finalized.  
 For further performance comparison, another thin-film anode electrode was 
formed by electroplating the same amount of Zn directly onto the seed layer without 
utilizing any backbone structure. An SEM image showing the enlarged view of the Zn 










3.2.4 Assembly of the Zn-air Battery 
 The conceptual rendering of the final form of the Zn-air battery can be seen in 
Figure 3.11. The Zn anode, surrounded by an epoxy case containing the electrolyte, was 
assembled with a commercial air cathode (E4A, Electric Fuel). The oxygen entering the 





 ions diffuse to the Zn anode and react with Zn forming soluble zincate ions 




Figure 3.11: Conceptual rendering of the battery assembly: (A) Zn deposited on the seed 
layer, (B) Zn deposited on the multilayer backbone 
 
 The air cathode is composed of three major layers as illustrated in Figure 3.1. The 
outermost layer comprises a laminated porous Teflon film allowing oxygen to diffuse in 
and serving as a blocking layer by preventing the battery from leaking the electrolyte. 
The median layer consists of an active cathode material which is manganese-based 
catalyzed carbon supported by a woven Ni mesh. In addition to providing mechanical 
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stability, the Ni mesh serves as a current collector. To enable an electrical connection to 
the cathode, a thin Cu wire was soldered to the edge of this Ni mesh after removing the 
carbon. The innermost layer in contact with the electrolyte serves as a separator layer 
consisting of a laminate of a polypropylene microporous film with a thin polypropylene 
non-woven film that was rendered hydrophilic with a surfactant. This innermost layer 
also serves as an insulator between the Zn anode and the air cathode to prevent shorting, 
while allowing transport of ions to and from the electrolyte.  
 As mentioned earlier in this chapter, a large majority of the Zn-air batteries utilize 
alkaline electrolytes including KOH, sodium hydroxide (NaOH), and lithium hydroxide 
(LiOH) [2]. Among these solutions, KOH has been the most widely used one due to its 
superior ionic conductivity. For the batteries reported herein, a 7 M aqueous KOH 
solution was used as the battery electrolyte. It was injected into the epoxy case 
surrounding the anode. KOH solution at such a high concentration possesses relatively 
high viscosity which was observed to inhibit a decent contact between the Zn anode and 
the electrolyte. To mitigate this issue, a vacuum treatment was carried out immediately 
after the injection of the electrolyte for 10 minutes, as in the case of the Zn electroplating 




Figure 3.12: Zn-air battery prior to performance characterization 
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3.3 Performance Characterization of the Microbatteries 
 To evaluate the performance of the multilayer electrodes, proof-of-concept Zn-air 
batteries based on a multilayer backbone composed of 10 layers were prepared. These 
batteries were characterized by discharging under five different electrical loads with 
resistances of 100, 250, 500, 1000, and 3000 Ω. The main reason behind performing the 
discharge tests under constant loads rather than galvanostatically (i.e., constant current) 
was to be able to compare the discharge profile to the commercial batteries (DA10, 
Duracell) which were also tested under the same conditions [15]. Similarly, thin-film Zn-
air electrodes fabricated on unpatterned and unetched multilayer backbone, as well as, 
directly on the seed layer were also discharged under the same electrical loads. During 
the discharge tests, voltage values were simultaneously measured and recorded with 
respect to time using LabVIEW software (SignalExpress, National Instruments).  
 The experimental setup used to characterize the fabricated Zn electrodes is shown 
in Figure 3.13. As can be seen from the figure, the battery is connected in series with a 
resistor while a data acquisition device connected in parallel to the battery measures the 
potential of the cell over the entire course of the discharge process. The potential was 
monitored on the computer display via LabVIEW software. The discharge process 





Figure 3.13: Experimental setup for the characterization of the discharge performance of 
the multilayer Zn electrodes 
 
 The discharge profiles of the batteries based on multilayer electrode under various 
electrical loads can be seen in Figure 3.14. According to Ohm’s law, a higher load 
indicates a lower discharge rate. As can be seen from Figure 3.14, the discharge curves of 
the batteries with the 10-layer electrode maintain a relatively flat voltage profile both at 
high and low discharge rates. A small voltage decrease is observed immediately after 
start-up, and a sharp voltage drop occurs near the total discharge. These discharge 




Figure 3.14: Discharge profiles of the Zn-air microbattery based on multilayer Zn anode 























 These discharge data were used to calculate the areal capacity, CA, and the areal 
energy density, EA, of the Zn-air batteries. The former one was obtained by integrating 
the discharge current, I, over time, t, and dividing by the footprint area, A, as given in 
Equation 3.8. The latter one was then simply calculated by multiplying the average 
discharge potential, Vav, by the areal capacity: 
 
      
 
 
       (3.8) 
               (3.9) 
  
 The same parameters were also calculated for the aforementioned thin-film 
electrodes. The comparison of the areal energy densities of the fabricated microbatteries 
with different electrode structures is shown in Figure 3.15. The Zn-air battery based on 
the 10-layer Zn electrode demonstrated higher areal energy densities than its thin-film 
counterparts at higher discharge rates, indicating better high-power capability. The 
difference between the energy density of these batteries increases further as the discharge 
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 In addition, it can be seen that the battery with 10-layer electrode is able to 
maintain a high areal energy density of ~3 mWh cm
-2
 until a discharge current of 
approximately 5 mA, whereas a clear decreasing trend is observed in the energy density 
of the thin-film microbatteries as the discharge rate is increased and then a drastic drop is 
observed around 10 mA of discharge current. A similar decreasing trend in the energy 
density has also been reported for the batteries utilizing Zn powder as the anode, as in the 
case of commercial Zn-air batteries [5]. 
 Although it was technically possible to increase the discharge rates even further 
by simply reducing the electrical load and measure the response in the energy density, it 
was not performed since the air cathode starts to become the limiting factor in the 
performance of the microbattery, primarily because of the insufficient oxygen diffusion 
from the air, as well as slow kinetics of oxygen reduction inside the cathode.  
 The nominal current density for the commercial air cathode was reported to be 
~300 mA cm
-2
. The approximate area of the air cathode utilized in the fabricated Zn-air 
battery was 4 mm
2
, corresponding to a nominal current of 12 mA. This means that the use 
of any load below 100 Ω during the discharge test may be problematic.  
 To determine the percentage of the electroplated Zn that was able to be utilized 
during the discharge experiments, first, the amount of electroplated Zn was calculated 
using Equation 3.10.  
 
  
      
   
     (3.10) 
 
where m is the weight of the electroplated metal (g), i is the plating current density (A 
cm
-2
), t is the plating duration (s), A is the surface area of the working electrode (cm
2
), M 
is the molecular weight of the deposited metal (g mol
-1
), n is the valence of the dissolved 
metal in the plating solution in equivalents per mole (2 for Zn), and F is the Faraday's 
 96 
constant (96485 C mol
-1
). As mentioned earlier, the anodes of the microbatteries were 
formed by electroplating Zn at a current density of 10 A dm
-2
 for 1 minute. This 
corresponds to an approximate Zn mass of 0.3 mg per structure. Using the same 
correlation, the mass of the discharged Zn was also calculated with the data shown in 
Figure 3.14. Based on these results, on average, 88% of the electroplated Zn onto the 
multilayer backbone was able to be utilized. This percentage drops to 85% in the case of 
microbatteries with thin-film Zn electrodes. Commercial batteries utilizing Zn powder as 
the anode, on the other hand, reportedly have significantly lower Zn utilization, which is 
in the range of 25-35% [16]. 
 Following the discharge tests, SEM images of the multilayer electrodes were 
acquired, as shown in Figure 3.16. It can be seen that the electrodeposited Zn film onto 
the backbone was completely dissolved. It is also apparent that the metallic multilayer 










 This chapter presents the first utilization of the MEMS-enabled, metallic 
multilayer structures for electrochemical energy storage applications. The multilayer 
structures demonstrated herein are based on sequential deposition of alternating Ni and 
Cu layers, followed by partial and selective removal of the Cu layers. Zn-air battery 
chemistry was selected as one of the most popular primary battery system and the anode 
electrode of that chemistry was prepared by electroplating a conformal Zn layer onto the 
multilayer metallic backbone. 
 A proof-of-concept 3D Zn-air microbattery composed of a microfabricated 
metallic scaffold supporting electrodeposited Zn as the anode and a commercial air 
cathode has been successfully developed, fabricated, and tested. To demonstrate the 
improvement in the performance enabled by the use of multilayer metallic backbone, 
thin-film microbatteries of the same footprint area with and without any backbone 
structures were also prepared and characterized. Despite the fact that each one of the 
fabricated microbatteries had the same amount of Zn in their anode electrodes, the 
microbatteries with the electrodes based on the multilayer backbone was shown to be 
superior to their thin-film counterparts in terms of areal energy density, particularly at 
high discharge rates, which is due to the enhanced power capability. The areal energy 
density of the microbattery with the multilayer electrode was measured as 3 mWh cm
-2
.   
 One of the underlying reasons for the enhanced power performance is the high 
surface area provided by the multilayer metallic scaffold, allowing more contact points 
between the Zn and the electrolyte. In addition to the improved surface area, the metallic 
current collector maintains a consistent and continuous electrical access to the Zn film 
with a minimum ohmic loss. Also, the presence of the etching holes enabled a shorter 
path for the inter-electrode transport of the liquid-state ions in the electrolyte. 
 An important feature of the multilayer electrode approach reported herein is the 
ability to increase the energy density further by simply increasing the number of layers in 
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the skeleton without compromising the footprint area. Also, this mechanically stable and 
chemically inert skeleton can be easily incorporated into other battery chemistries, as 
long as it is possible to coat the metallic backbone with the electrochemically active 
material. A more advanced version of this multilayer fabrication approach will be 
discussed in the following chapters, where secondary battery chemistries are 
implemented.  
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NICKEL HYDROXIDE-BASED ELECTRODES 
4.1 Background and Motivation 
 In this chapter, the use of previously developed multilayer structures for 
secondary (i.e., rechargeable) battery chemistries is examined. Rechargeable systems 
allow the characterization of various features of the multilayer structures, including their 
capacity delivery following ultra-fast charging rates, as well as their cycling stability after 
numerous charge and discharge cycles. Such characterizations are not possible with the 
primary battery chemistries. 
 For the demonstration of the improved power capability due to the 
deterministically engineered multilayer electrodes, nickel hydroxide (Ni(OH)2) was 
selected as the active material prototype for deposition onto the multilayer structures [1, 
2]. Although Li-ion batteries compose the vast majority of today’s battery market for 
portable electronic devices, a number of reasons lie behind the choice of the Ni(OH)2-
based batteries as a starting point.  
 Unlike the Li-ion batteries which are relatively difficult to handle and require a 
complicated experimental set-up (see Chapter 5), the Ni(OH)2 chemistry is much easier 
to incorporate for testing the performance of the 3D electrodes proposed in this study. It 
is also one of the most well-studied active material in secondary battery systems after Li-
ion batteries. The systems involving Ni(OH)2 chemistry include nickel-iron, nickel-
cadmium, nickel-zinc, and nickel-metal hydride batteries. Among these battery 
chemistries, the latter two reportedly exhibit better power characteristics, rendering the 
systems more appealing for our work [3]. Finally, in addition to the easy synthesis of 
Ni(OH)2, factors such as its environmentally benign nature and cost effectiveness have 
also played an important role in selecting this chemistry. 
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 Ni(OH)2 exhibits a reversible charge storage redox mechanism in which it 
converts to nickel oxyhydroxide (NiOOH) via the diffusion of protons through its solid 
state lattices as given in Equations 4.1 and 4.2 [3]: 
 
            
                
    (4.1) 
              
               
    (4.2) 
  
 The former and latter reactions are associated with the charging and discharging 
of the electrode, respectively. Proton (i.e., H
+
) diffusion into the bulk of the active 
material enables these reactions to continue at the interface. Apart from batteries, this 
reversible chemistry is also an attractive choice for supercapacitor applications, and it 
will be discussed in Chapter 6.2 in more detail. 
 In this chapter, the design and modeling of the multilayer electrodes will be 
presented for Ni(OH)2-based rechargeable batteries. Next, the fabrication details of the 
multilayer backbones to be coated with Ni(OH)2 will be covered. Thereafter, the 
methodologies pertaining to the synthesis of the active material and the selection of the 
deposition techniques will be discussed. The following section will cover the 
characterization and performance testing of the fabricated electrodes. In the last section, a 
comparison of the experimental results with the model predictions, as well as the model 
projections of the optimum design and performance will be provided. 
 
4.2 Design and Modeling of the Electrodes 
 One of the premises of this study is the ability to control the characteristic 
dimensions (e.g., surface area, active material thickness, etc.) of the fabricated electrodes. 
As discussed in Chapter 1, to realize electrodes with enhanced power performance, their 
surface area needs to be maximized while the diffusion and conduction path lengths are 
minimized. In the multilayer fabrication approach, the former can be achieved by 
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increasing the number of layers; however, this can be limited by fabrication constraints, 
including the total height of the electrode (i.e., achievable mold thickness), as well as by 
the minimum allowed thickness for individual layers to remain mechanically intact. In 
terms of active material thickness, a thinner material layer improves the power 
performance but at the cost of decreasing the storable energy. Therefore, the optimum 
active material thickness value should be determined for a given charge and/or discharge 
rate.  
 In this portion of the study, our goal is to develop models using fundamental mass 
transport principles that could be used to optimize the characteristic dimensions in the 
multilayer electrodes to enable a high performance rechargeable battery. The first model 
involves determining the optimum thickness for the deposited active material film on 
each layer of the metallic backbone, taking into account the tradeoffs between the energy 
storage and diffusion. The second model is developed for the estimation of the optimum 
spacing between the layers and the distance between the etching holes, based on the 
optimum active material thickness obtained from the first model. 
 
4.2.1 Diffusion-Limited Model to Determine the Optimum Active Material 
Thickness 
 First, a one-dimensional (1D) spatial model for the H
+
 diffusion in the active 
material is developed, considering an infinite plane sheet of thickness L with one side 
exposed to the electrolyte, while the other one is in contact with the current collector (see 
Figure 4.1). This simple diffusion-limited model has proven quite useful in predicting the 





Figure 4.1: Electrode model assuming an infinitely wide plane sheet of thickness L 
  
 The model is based on the assumption that among the three forms of mass 
transport (i.e., diffusion, convection, and migration), diffusion is the dominating 
mechanism for the transportation of the H
+
 ions. Hence, the constant-current charge and 
discharge times are solely limited by the utilization of the active material; losses 
originating from the electrolyte and reaction kinetics are neglected. It was also assumed 
that the ion and electron fluxes are uniformly distributed over the entire surface. 
Following the aforementioned assumptions, the equation of continuity in one spatial 
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where     and D are the concentration (mol cm
-3







 ions in the active material, respectively. It is known from the Arrhenius 
equation that D is a function of the temperature. However, for the purposes of this model, 
the charging and discharging were assumed to take place under isothermal (i.e. constant 
temperature) conditions at room temperature. Diffusivity is also known to depend on the 
state of charge (SOC) of the active material. In its fully charged form (i.e., NiOOH), the 
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 [6-8]. Therefore, assuming a constant diffusivity despite such a 
substantial difference throughout the whole charging/discharging process would not be 
realistic. Motupally et al. developed a formula that takes SOC into account and 
successfully predicts the diffusivity of H
+
 as shown in Equation 4.4 [7, 9, 10]: 
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), D2 is the diffusion 






), and θ is the SOC (0 ≤ θ ≤ 1), where 0 and 1 
refer to the complete discharge and complete charge, respectively. This equation is based 
on a mixing rule in terms of the root mean square displacement of the diffusing species in 
a solid solution involving a homogeneous mixture of two phases [7, 9].  
 The initial and boundary conditions for this model are given as: 
 
at t = 0:               (4.5) 




        (4.6) 






   
                           (4.7) 
 
where C0 is the initial H
+
 concentration in the active material (mol cm
-3
), i is the charge 
or discharge current density (A cm
-2
), n is the valence number (1 for H
+
), and F is 
Faraday's constant (96485 C mol
-1
). 
 Since the charge and discharge experiments were performed galvanostatically, 
(i.e., at constant current), the flux at the electrode-electrolyte interface was assumed to be 
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uniform and constant, as indicated in Equation 4.7. At the interface of the current 
collector and the active material, no mass transfer is taking place and hence, the flux 
equals zero.  
 During the charging process, H
+
 ions diffuse from the active material (i.e., 
Ni(OH)2) to the electrolyte, resulting in a concentration gradient that forms within the 
active material film. This concentration gradient becomes more severe as the charge rate 
(i.e., current density) increases. If the rate is too high, it may not be possible for the H
+
 
ions to diffuse away from the active material in a desired duration of time. As an 
example, a charging duration of one minute (i.e., 60 C) was selected. The goal of the 
simulations was then to find the maximum thickness for the active material that allows 
the diffusion of all H
+
 ions into the electrolyte in one minute.  
 In a fully discharged state, the concentration of hydrogen can be estimated by 
dividing the density of Ni(OH)2 (3.55 g cm
-3
) by its molecular weight (92.71 g mol
-1
), 
yielding 0.0383 mol cm
-3
. The change in the volume of the active material during the 
charging process is neglected. From that concentration value, the capacity of the 
electrode can be calculated for a given thickness of the active material, which also 
determines the required current density enabling charging of the electrode in one minute. 
 The partial differential equation (PDE) given in Equation 4.3 was solved by finite 
element method (FEM). For this type of 1D parabolic PDE, Matlab's pdepe function was 
utilized whose detailed code can be found in the Appendix. Starting with an active 
material thickness of 0.05 μm, the capacity of the active material was calculated along 
with the current density required to discharge the electrode in 60 seconds. Then, the 
simulation was performed, and the concentration profiles across the thickness of the 
active material were plotted as a function of time. Thereafter, the thickness was increased 
and the same procedure was repeated for the increased thickness value. The resultant 
profiles at three different thicknesses are provided in Table 4.1.A.    
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Table 4.1: Concentration profiles of H
+
 within the Ni(OH)2 active material as a function 




















 The x, y, and z axes in the figures given in Table 4.1.A refer to the distance, time, 
and H
+
 concentration, respectively. The profile at the zero distance indicates the 
concentration of H
+
 at the current collector-active material interface, where, at any given 
time after the start-up of the charging process, the highest H
+
 concentration is observed. 
In the ideal case, a uniform H
+
 distribution would be expected across the thickness of the 
active material, similar to the profile that is observed at the time zero (dark red line).  
 For an active material thickness of 0.15 µm, a significant gradient was observed at 
the 60
th
 second (blue line) where the concentration of the H
+
 drops slightly below zero at 
the electrode-electrolyte interface, and remains slightly above zero at the electrode-
current collector interface, indicating that some of the H
+
 ions were not able to be 
transported to the electrolyte. Hence, the thickness of the active material must be below 
0.15 µm in order to completely charge the electrode in 60 seconds. When the thickness 
was set to 0.1 µm, a very small gradient can be observed in a small portion of the 
electrode located in the close proximity of the electrolyte. At a thickness of 0.05 µm, a 
completely flat line with zero concentration of H
+
 ions is observed at the 60
th
 second of 






























25 nm 100 nm
150 nm 200 nm
250 nm 300 nm
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complete charging in 60 seconds should lie between 0.05 and 0.1 µm. For purposes of the 
diffusion-limited model study described in the next section, the ideal thickness of the 
active material was rounded to 0.1 µm. 
 To help visualize the gradient formation at the end of the charging process (i.e., 
60
th
 second), concentration gradients formed across the Ni(OH)2 films with various 
thicknesses ranging from 0.1 to 0.3 µm are drawn as shown in the figure in Table 4.1.B. 
It can be seen that as the thickness of the Ni(OH)2 film increases, fewer H
+
 ions are able 
to be transferred to the electrolyte, resulting in the formation of significant concentration 
gradients. 
 
4.2.2 Diffusion-Limited Model to Determine the Optimum Inter-Layer Spacing 
 A second model was developed to determine the optimum inter-layer spacing 
between the layers. The model involves a two-dimensional (2D) analysis of the OH
-
 ion 
distribution across the electrolyte located between two adjacent layers of the multilayer 
electrode (Schematically illustrated in Figure 4.2, showing both top view and side view 
of the electrode). The distance between the etching holes in the top view corresponds to 
the width L of the channel in the side view. This width is determined by the mask design 
used during the lithography process, and its flexibility is rather limited due to fabrication-
related constraints of the photoresist mold. Having etching holes too close to each other 
(i.e., a small L), for example, requires a dense packing of the photoresist pillars, which 
renders the fabrication process more difficult, as discussed in Chapter 2.2.3. Therefore, a 
width of 300 µm was selected for the initial modeling of optimum spacing between the 
layers, as this was the smallest dimension achievable using the current fabrication 





Figure 4.2: Model of the KOH electrolyte between two adjacent layers of the multilayer 
electrode 
 
 For a given size (150 μm x 600 μm) of the etching holes (i.e., the photoresist 
pillar size), as the width L becomes smaller, the number of the etching holes on each 
layer increases, which increases the speed required for etching the sacrificial Cu layers. 
The downside, however, is that the surface area of each layer is also reduced with 
increased number of etching holes, which adversely affects the capacity of the electrode. 
Increasing L, on the other hand, reduces the number of etching holes, and yields layers 
with higher surface area; yet, it results in longer diffusion path lengths for the liquid-state 
ions (i.e. OH
-
), which is detrimental to the power density. To compensate for the power 
loss, a larger spacing (H) is required between the Ni layers.  The height H of the channel 
between the Ni layers is solely determined by the electroplating conditions and thus, has 
much greater flexibility. By adjusting the thickness of the sacrificial Cu layers, the H 
dimension can be easily tailored. The focus of the model will be on determining the 
optimum height of these channels for a given width. 
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 The assumptions made for the previous 1D model, including diffusion-limited 
transport and uniform distribution of ion fluxes at the electrode surface, also hold for this 
2D model of the channel. Additionally, it was also assumed that the OH
-
 ion 
concentration within the etching holes is the same as the bulk electrolyte outside the 
electrode during the operation of the electrode. Also, the diffusion coefficient is assumed 
to be constant throughout the charge and discharge processes. 
 The equation of continuity for two spatial dimensions can be written as: 
 
    
  
    
      
   
 
      
   
     (4.8) 
 
 An aqueous electrolyte of potassium hydroxide (KOH) with a concentration of 6 
M was chosen for the characterization of the Ni(OH)2 electrode. The diffusion coefficient 







[11]. This value is several orders of magnitude higher than the diffusion coefficient 
reported for the Ni(OH)2 in the previous section, suggesting a faster mass transfer in the 
liquid phase. The boundary conditions for the 2D model of the channel are given as: 
 
at t = 0:                       (4.9) 
  at x = 0:                         (4.10) 
  at x = L:                         (4.11) 
  at y = 0:     




   
      (4.12) 
  at y = H:     




   
     (4.13) 
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where        is the concentration of the bulk electrolyte (6 M). During the charging 
process, the OH
-
 ions inside the channel diffuse towards the active material in y direction 
as shown in Figure 4.2, and react with Ni(OH)2 to form H2O molecules as given in 
Equation 4.1. The depleted OH
-
 ions are replenished by the OH
-
 ions diffusing into 
channel from the bulk electrolyte in x direction. The goal of this model was to find the 
minimum height of the channel that allows the replenishment of the OH
-
 ions consumed 
during the lithiation process of the active material at high rates (e.g., 60 C).  Minimizing 
the channel height is important as this will reduce the overall thickness of the structure, 
and enable deposition of more layers, yielding electrodes with higher capacities for a 
given volume. 
 Equation 4.8 was solved by utilizing Matlab's PDE toolbox. The resultant 
concentration profiles of the OH
-
 ions within the channel, both in 3D and 2D, are plotted 
as shown in Table 4.2. In the 3D profiles, the x, y, and z axes refer to the width of the 
channel, height of the channel, and concentration of the OH
-
 ions within the channel, 
respectively.  
 To help visualize the concentration distribution across the width of the channel 
more easily, 2D profiles are also provided in Table 4.2.B. The plotted profiles were 
obtained at the end of the charging process (i.e., at the 60
th
 second). When performing the 
simulations, the same strategy used in the 1D modeling of the active material was 
followed, where the channel height was first set to 0.1 μm, and then systematically 
increased by 0.05 μm. As expected, the lowest concentration was observed in the center 
region of the channel (i.e., x = L/2). For channel heights smaller than 0.25 μm, the 
concentration of the OH
-
 ions in the center region was found to be below zero, indicating 




Table 4.2: Concentration profiles of the OH
-
 ions in the electrolyte located inside the 















 To determine the impact of the channel width on the optimum spacing, the 



































in Table 4.3. The second column in Table 4.3 shows the corresponding inter-layer 
spacing obtained from the models for a given width. In the third column, the total number 
of the etching holes on a single layer with a footprint of 1 cm
2
 was calculated using the 
aforementioned dimensions (i.e., 150 µm x 600 µm) of the etching holes and the distance 
(i.e., the width L) between the etching holes. This number was then used to estimate the 
available surface area on each layer, as listed in the fourth column. In the extreme case of 
zero etching holes, the area per layer would be 2 cm
2
. As expected, increasing the width 
between the etching holes results in a reduced number of holes, and thus, in a larger 
surface area per layer. The number of layers given in the fifth column was calculated by 
using the information from the second column, the minimum individual Ni layer 
thickness (i.e., 1.5 µm), the maximum active material thickness found in the previous 
section (i.e., 0.1 µm), and the total thickness of the electrode (i.e., 300 µm). The last 
column shows the theoretical capacity of the electrodes estimated by using the 
information in the previous columns.  
 





















200 0.11 280 1.50 165 2.54 
300 0.25 220 1.60 153 2.53 
400 0.41 180 1.68 142 2.45 
500 0.60 150 1.73 130 2.32 
600 0.80 130 1.77 120 2.18 
700 0.90 110 1.80 115 2.13 
1000 1.13 80 1.86 106 2.03 
 
 It can be seen from Table 4.3 that although increasing the width L of the channels 
results in layers with higher surface area, and hence, higher capacities per layer, the total 
capacity of the electrode decreases. This is because the spacing between the layers needs 
to be increased to compensate for the increased diffusion path lengths for the OH
-
 ions in 
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the channels, which eventually leads to reduced number of depositable layers for a given 
total thickness (i.e., 300 μm). Increasing the width is also not favorable from the 
fabrication point of view, as it will prolong the fabrication duration due to the 
significantly increased etching times. Reducing the width from 300 μm to 200 μm, on the 
other hand, does not cause any significant improvement in the areal capacity of the 
electrode. This is also graphically shown in Figure 4.3, where the capacity is plotted as a 
function of the distance between the etching holes. As a result of these calculations and 




Figure 4.3: Capacity as a function of the distance between the etching holes (L) for a 
multilayer electrode with a total thickness of 300 μm,  Ni layer thickness of 1.5 μm, and 
active material film thickness of 0.1 μm 
  
 In summary, according to the simulation results of the H
+ 
diffusion within the 
active material and the OH
-
 diffusion inside the inter-layer channels given in their 
respective Tables 4.1 and 4.2., the optimum multilayer electrode that can be completely 
charged in 1 minute should possess a maximum active material thickness of 0.1 μm on 
each layer, and the spacing between two adjacent active material films should be set to at 
least 0.25 μm, for a channel width of 300 μm. This also necessitates that the minimum 


























set to 0.45 μm (0.25 μm + (2 x 0.1 μm)). Although multilayer Ni backbones with even 
less than 0.45 μm inter-layer spacing can easily be fabricated by controlling the thickness 
of the Cu deposits, such small spacing values would render the conformal deposition of 
the active material much more complicated, as will be discussed in section 4.4. 
Therefore, to ensure the conformal deposition of the active material on each layer, 




Figure 4.4: Optimum dimensions for the Ni(OH)2 film thickness and the inter-layer 
spacing for a channel with a width of 300 μm 
 
 In addition, the thickness of the Ni layers serving as the current collector was set 
as 1.5 μm because of the fabrication constraints. Although much thinner Ni layers are 
theoretically able to deliver required amounts of currents to the active material, it was 
found that handling Ni layers with thicknesses less than 1 μm was quite problematic due 
to the deformations taking place during the fabrication process, in particular during the 
removal of the Cu layers. Based on the modeling results, a multilayer electrode fabricated 
under the conditions shown in Figure 4.4 has a theoretical capacity of 2.53 mAh which 
can be charged in 1 minute with a negligible forfeit in its capacity. 
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4.3 Fabrication of the Multilayer Current Collector 
 As described in Chapter 2.1, the electrodes fabricated for the Ni(OH)2 electrodes 
are based on the anchor-supported lateral high-aspect-ratio structures. Depending on the 
number of layers which is, based on the data provided in Table 4.3, the main determinant 
of the capacity, the fabricated structures can be grouped into two categories: low-capacity 
applications and high-capacity applications. Electrodes which belong to the group of low-
capacity applications are defined as having a total thickness of less than or equal to ~100 
μm, which corresponds to multilayer structures with no more than 50 layers. Two 
different photoresists are used to produce molds with the appropriate thicknesses: NR21 
for low-capacity applications and AZ 125 nXT for high-capacity applications.  
 In theory, the latter photoresist can be used for the low-capacity applications as 
well. However, as mentioned briefly in Chapter 2.2 and will be covered more thoroughly 
in this chapter, the fabrication process for AZ 125 nXT is complicated and requires 
extensive optimization studies for different thickness values. In contrast, NR21 has a well 
established recipe for a wide range of thickness values and its processing duration is 
much shorter than that of the AZ photoresist. 
 The multilayer electrodes to be utilized in secondary battery systems are based on 
anchor supported structures (see Chapter 2.1). Hence, the sacrificial Cu layers are 
completely etched following the deposition of the Ni anchors. This fabrication process 
differs from what was reported for Zn-air batteries in Chapter 3, where only partial 
removal of the sacrificial layers were performed and thus, no anchors were required. The 
partial etching process is not suitable for these larger scale structures, since the etching 
advancement occurs in a non-uniform fashion as the etching depth increases. Therefore, 
the use of the partial etching approach was limited to structures with relatively small 
footprints (e.g., 2-3 mm
2
). Using the anchored structures, the footprint could be increased 
to 1 cm
2
 and therefore, the number of laminations required to reach the higher energy 
capacities could be reduced significantly. 
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4.3.1 Fabrication of the Low-Capacity Current Collectors 
 In addition to the mask patterns used for the Zn electrodes in Chapter 3.2.2, 
alternative geometries were also adapted by incorporating different mask patterns for the 
lithography step, as shown in Figure 4.5. The primary reason for switching to alternative 
architectures was to reduce the total duration of the fabrication process by minimizing the 
etching duration which can take up to more than 10 hours with the conventional 
geometries shown in Figure 4.5.C. Structures with the patterns shown in Figure 4.5.A and 





Figure 4.5: Patterns of the multilayer structures (top row) and their corresponding 












 The fabrication process for a 50-μm-thick NR-21 mold was described in detail in 
Chapter 3.2.2. For this application, the recipe was slightly modified to achieve a 
thickness of 100 μm. Ti/Cu/Ti seed layers (500 nm/2000 nm/500 nm) were sputter 
deposited onto a glass or Si substrate. Next, the substrate was spin-coated with NR-21 at 
1200 rpm for 10 seconds, resulting in an approximate thickness of 100 μm. A pre-
exposure bake was performed on a hotplate at 80 and 150 °C for 10 and 5 minutes, 
respectively. Following the 20-minute-long cool-down process, hard-contact UV 
exposure was performed through a glass mask with Cr patterns. A total energy of 5000 
mJ was applied by UV with a wavelength of 365 nm. Upon completion of the UV 
lithography, the post-exposure bake on a hotplate at 80 °C was carried out for 10 minutes. 
The sample was allowed to cool down to room temperature, which took approximately 20 
minutes. Then, the same procedure was followed as described in Chapter 3.2.2 until the 
aftermath of the photoresist removal step. 
 Following the preparation of the multilayer electrodes and the removal of the first 
photoresist mold, the sample underwent another photoresist development process for the 
electroplating of the Ni anchors. Immediately before the photoresist deposition step, the 
sample was immersed in the selective Cu etchant for 2 minutes to enable a slight etching 
of Cu layers to a depth of approximately 2 μm. In this way, the anchor, which is 
electroplated in the subsequent step, provides better mechanical support by buttressing 
the Ni layers both vertically and laterally.  
 The same photoresist (i.e., NR-21) was utilized to build the mold for the anchors. 
NR-21 was deposited onto the substrate to completely coat all of the multilayer structures 
on the substrate. The sample was then placed on a flat surface and allowed to rest for 10 
minutes to ensure that the photoresist dispersed evenly into the empty spaces within the 
multilayer structure. The air bubbles trapped inside the photoresist were collected with a 
plastic pipette. Next, a spin-coating process was carried out at a speed of 1200 rpm for 10 
seconds. Following the spinning step, the sample was again allowed to rest for another 10 
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minutes to minimize the edge effects both on the outer perimeter of the substrate and on 
the edges of the multilayer structures. After the resting was completed, the photoresist 
underwent the same soft-bake, lithography, hard-bake, development, and descumming 
steps as in the case of first mold.  
 Upon completion of the deposition of the second mold, the sample was immersed 
in diluted hydrofluoric acid solution (H2O:HF = 50:1) to remove the topmost Ti layer in 
the exposed regions of the substrate. Following the removal of the Ti layer, the sample 
was thoroughly rinsed in DI water. The sample was quickly immersed in the Ni plating 
bath to perform the electrodeposition of the anchors. The current density was set to 10 
mA cm
-2
, and the solution was gently stirred throughout the electrodeposition process. 
Anchors (approximately 20 μm thick) were electroplated onto specific regions of the 
sidewalls of the multilayer structures. These anchors not only maintained an electrical 
connection between individual Ni layers, but also provided a mechanical support to 
prevent the Ni layers from collapsing following the complete etching of the sacrificial Cu 
layers. Upon completion of the anchor electrodeposition, the second mold was removed 
by acetone. After the entire mold was stripped, the sample was rinsed with methanol, 
isopropyl alcohol (IPA), and finally with DI water. 
 Before proceeding with the etching of the sacrificial Cu layers, the substrate was 
diced, and the samples were separated. Then, the samples were immersed in the selective 
Cu etchant, and a slow agitation was applied. The structures based on the conventional 
mesh pattern shown in Figure 4.5.C were allowed to etch for nearly 12 hours, whereas for 
the structures with rectangular-coil and parallel-line patterns, the etching time was 
reduced by half. Since the etchant had an infinite selectivity over Ni layers, keeping the 
structure in the etchant for prolonged durations did not harm the resulting multilayer Ni 
backbone. After 12 hours, the samples were taken out carefully and placed quickly in 
large amount of DI water to ensure the dissolution of the copper sulfate (CuSO4) residues 
from the etchant which otherwise may clog the gaps between the Ni layers. In order to 
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minimize the effect of the capillary forces on the individual Ni layers which may cause 
the layers to deform, the samples were immersed in a series of liquids in the following 
order: DI water – IPA – methanol where each following liquid has lower capillary forces 
than its predecessor. As the last step, the samples were placed in the oven at 65 °C for 15 
minutes. The SEM images of the resulting multilayer structures based on rectangular coil 




Figure 4.6: Anchor-supported multilayer Ni structure based on rectangular-spiral pattern 




Figure 4.7: Anchor-supported multilayer Ni structure based on parallel-line pattern 
following the selective etching of the Cu layers 
 
4.3.2 Fabrication of the High-Capacity Current Collectors  
 This section describes the development of processing conditions to use AZ 125 
nXT photoresist as a mold for the fabrication of high-aspect-ratio multilayer structures. 
The same photoresist was also used for the fabrication of the electrodes to be utilized in 
Li-ion systems as will be covered in the next chapter. 
 There were a series of problems and limitations associated with the use of AZ 125 
nXT as a mold, which were mentioned in Chapter 2.2.3. In addition, it was found to be 
quite problematic to build AZ molds using the mask patterns given in Figure 4.5.A and 
4.5.B. As can be seen from the Figures 4.6 and 4.7, these specific patterns involve high 
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length-to-width ratios. These ratios were able to be sustained with relatively thin molds 
prepared by NR-21. However, when the mold thickness was substantially increased with 
the use of AZ, severe deformations in the form of bending and cracks were observed in 
the patterns following the photoresist development step. This was speculated to be 
originating from the internal stress that builds up in the thick molds during the 
development process.    
 Initially, AZ photoresist with an approximate thickness of 0.5 mm was carefully 
and uniformly poured onto the Ti/Cu/Ti (500 nm/2000 nm/ 00 nm) coated glass or Si 
substrate with the help of a plastic measuring syringe. This thickness was calculated by 
measuring the mass of the deposit and dividing it by the product of its density and the 
surface area of the substrate. Any air bubbles trapped within the photoresist were 
carefully removed with a pipette. After the removal of the relatively large bubbles, a very 
low spinning rate of 100 rpm was applied for 60 seconds to ensure uniformity of the 
photoresist on the substrate.  
 Following the spinning process, the substrate was allowed to rest on a flat surface 
for 15 minutes to minimize the edge effects. Next, the pre-exposure bake was performed. 
For this type of thickness, a long baking time is required. Also, for this specific 
photoresist, care should be taken when performing soft baking because the amount of the 
solvent in the resist plays a vital role. As described in Chapter 2.2.3, the weight 
percentage of the solvent should remain within a given range (12.5% - 25%), so that the 
photoresist will not be too soft to handle or impossible to develop properly. The amount 
of the remaining solvent was estimated by rapid measurements of the weight of the 
sample periodically during the soft-bake process. To minimize the temperature gradient 
within the photoresist, the sample was carefully covered with an aluminum dish. For a 
photoresist film with a final total thickness of 0.5 mm, the optimum baking time at 105 
°C was found to be 12-13 hours. Prior to soft-baking, it is very important to make sure 
that the hot plate is level. Otherwise, even a slight incline causes the thick photoresist 
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layer to flow towards one of the edges of the substrate, causing non-uniform molds to 
form.  
 Once the soft baking was completed, the sample was allowed to cool down for 2 
hours at room temperature. Then the film was UV exposed at 365 nm through a hard-
contact mask. For these thick photoresist films, prolonged exposure times were required, 
which depend both on the feature size of the patterns and the thickness of the film. To 
ensure sufficient exposure, the total energy dose was set to 60 J cm
-2
. Since the solvent is 
not completely evaporated during the pre-exposure bake process, the photoresist film 
remains relatively soft over the course of the UV exposure, which leads to the stiction of 
the film to the chrome mask.  
 To overcome this stiction issue, a protective, transparent thin-film (low-density 
polyethylene (LDPE)) was placed between the photoresist and the chrome mask. 
Although an ultra-thin (12.5 μm) LDPE film with a high transparency was utilized, the 
plastic film was determined to absorb significant amount of UV light. A 10% decrease in 
power resulting from this absorption was measured, which is approximately the same loss 
caused by the glass mask that is nearly 100 times thicker than the plastic film. The power 
losses originating from both the mask and the plastic film were taken into account when 
calculating the required time to deliver the necessary amount of energy to the photoresist. 
 Upon completion of the exposure, the plastic film was carefully removed from the 
substrate and the sample was allowed to cool down for approximately 30 minutes at room 
temperature. Thereafter, the photoresist was developed in a tetramethylammonium 
hydroxide (TMAH)-based developer (AZ 300 MIF, AZ Electronic Materials) for 45 
minutes. During the development process, the sample was placed upside down so that the 
unexposed part could sink to the bottom of the container after dissolution, since the 
products of the development reaction have a higher density than the developer. For 
structures that did not possess delicate features, the development time reduced in half via 
introducing ultrasonic agitation. However, this sonication process was found to be quite 
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destructive for both high-aspect-ratio rectangular and cylindrical pillars of AZ. Following 
the development process, the sample was thoroughly rinsed in DI water and then dried. 
Care should be taken when performing the drying process as the structure exhibits high-
aspect-ratio features that can easily be destroyed. 
 The photoresist mold was then treated with reactive-ion etching (RIE) O2 plasma 
(Plasma-Therm). This step increases the hydrophilicity of the photoresist and thus, 
enables an enhanced wettability of the surface, which has been observed to significantly 
improve the electroplating quality. In particular for applications that involve ultra-thick 
photoresist molds, the diffusion of the aqueous electroplating solution may be a limiting 
factor for the deposit quality. The O2 flow rate in the plasma tool was set to 60 sccm 
under a chamber pressure of 200 mTorr. The plasma was applied for 1 minute at a power 
of 200 W. Following the plasma, the sample was allowed to rest in the chamber for 15 
minutes in order to cool down to room temperature. When exposed to air immediately 
after the plasma, cracks were observed to form within the photoresist film which would 
eventually lead to delamination of the mold during the electroplating process. 
 The electroplating process was performed to deposit desired number of layers. An 
all-sulfate plating bath and a commercial plating bath were utilized for the electroplating 
of Ni and Cu layers, respectively. The details pertaining to the operation of the robot, as 
well as the electroplating setup and composition of the baths and can be found in Chapter 
2.1.  
 Upon completion of the robotically-assisted electroplating process, the photoresist 
mold was stripped from the substrate. By suspending the sample in acetone with top side 
facing down and slightly elevated from the bottom, the bulk photoresist surrounding the 
multilayer structures could easily detach from the substrate and sink to the bottom of the 
container. The pillars, however, which served as the mold for the formation of the etching 
holes, could not be removed as easily. The photoresist pillars were observed to swell in 
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the acetone. Therefore, it is speculated that the compressive force applied by the 
surrounding metal structures prevented the removal of the pillars. 
 According to the method suggested in Chapter 2.2.3 to alleviate this issue, the 
sample was immersed in a dimethyl sulfoxide (DMSO) solution at 80 °C for 30 minutes. 
This process enabled the partial dissolution of the photoresist film, softening the pillars. 
This was followed by a sequence of ultrasonication processes of the sample in acetone for 
10 minutes, in methanol-IPA mixture for 5 minutes, and finally in DI water for another 5 
minutes. As in the case of the initial acetone treatment for the bulk film, the sample was 
suspended in these solutions with its top surface facing down. At the end of this 




Figure 4.8: AZ 125 nXT mold for thick multilayer structures: (A) top view of the mold 
before the sequential electrodeposition, (B) after the formation of the multilayer structure, 
and (C) following the removal of the photoresist 
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 Figure 4.8 shows the optical images of the AZ, as well as the multilayer structure 
before and after the removal of the pillars. As can be seen in Figure 4.8.C, only a few 
pillars remained within the substrate which could either be removed manually by 
adhering a tape and then gently peeling it off or by performing the ultrasonic removal 




Figure 4.9: Substrates following the electrodeposition of the multilayer structures: (A) 4-
inch wafer with 14 samples on it, and (B) 2x3 inch glass slides with 8 samples 
 
 The fabricated structures along with their substrates are shown in Figure 4.9. As 
mentioned in Chapter 2.1, the robotic plating setup is able to handle substrates as large as 
4-inch wafers. The connection pads labeled in Figure 4.9 are the regions that stay outside 
the solution during the plating process, and provide electrical connection between the 
robotic arm and the substrate.  
 The lines connecting the samples to each other are called channels and their 
surface area was also taken into account when calculating the current density for plating. 
In earlier attempts, the samples were spread on the substrate in an isolated fashion where 
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they were surrounded by the photoresist mold only. It was observed that this kind of 
configuration results in poor wetting of some of the samples and thus, a non-uniform 
electroplating across the substrate. Having the channels formed between the samples, 
however, was found to enable a better fluid access to each sample. The length of the 
channels in these structures were not optimized. The optimization of the channel length 
would enable an increased packing density of the structures fabricated on the surface of 
the substrate. 
 Following the fabrication of the samples shown in Figure 4.9, the 
electrodeposition of the Ni anchors was performed. The same procedure as in the case of 
low-capacity current collectors (see section 4.3.1) was carried out for the deposition of 
the anchors. The only modification was the duration of the UV exposure which was 
doubled for the high-capacity current collectors. Since these structures were much thicker 
(>300 μm) than the maximum achievable thickness of the photoresist mold (~100 μm), a 
vertical photoresist accumulation on the edges of these multilayer structures was 
observed which was at least two to three times thicker than the photoresist film dispensed 
on the lateral surface. Hence, longer exposure times were required for the sections of the 
photoresist located in the proximity of the edges. These edge effects can be clearly seen 
in Figure 4.10 showing the optical images of the mold prior to the electrodeposition of 





Figure 4.10: Optical images showing the thick multilayer structure with the NR-21 film 
deposited and patterned on it prior to the electrodeposition of the Ni anchors 
 
 After the electrodeposition of the anchors, the same procedure was followed as 
used in the case of low-capacity structures described in section 4.3.1. The anchor mold 
was removed, and the Cu layers were etched completely. It was noted that the sidewall 
profiles within the etching holes and on the outer perimeter of the multilayer structures 
electroplated through the AZ mold were not as clean as those obtained by plating through 
the NR-21 mold. It is postulated that this is due to the AZ mold being relatively softer 
than NR-21 because of its higher solvent content and because it undergoes much longer 
electroplating processes (>36 hours). Thus, it is possible that the plating solution seeps 
between the mold and the plated structure, forming microscale metal residues on the 
sidewalls. As it is shown in Figure 4.11.A, some of the gap openings between the layers 
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on the sidewalls of the etching holes are partially clogged following the complete 
removal of the Cu layers. To overcome this issue and render cleaner sidewall profiles, an 
additional electropolishing step was performed by applying anodic pulse currents (ton = 1 
s, toff = 9 s, 10% duty cycle, 10 mA cm
-2
 current density) to the substrate in the Ni 
electroplating solution for approximately 30 minutes. As a result, the layers became 




Figure 4.11: Etching holes of a multilayer structure electroplated through AZ mold: (A) 
immediately after Cu etching process and (B) after the anodization process 
 
4.4 Synthesis of Ni(OH)2 
 Following the fabrication process of the multilayer Ni structures that serve as 
current collectors for the battery electrodes, Ni(OH)2 was deposited onto the multilayer 
structures. Several methods can be found in the literature for the deposition of Ni(OH)2. 
These methods each have their own advantages and disadvantages. The primary selection 
criteria for this application were the ability to form a conformal film of the active 
material on the multilayer backbone structure and the capability to deliver as much 
capacity as possible at high charge and discharge rates.  
 131 
 The resistance that the protons encounter during the solid-state diffusion within 
the lattices has been reported to have a significant influence on the capacity of the 
Ni(OH)2 electrode, especially at high charge and discharge rates [12]. This resistance is 
associated with the conductivity and the morphology, as well as the grain size of the 
Ni(OH)2 films. Therefore, several studies have focused on altering these aspects in order 
to minimize the resistance and thus, increase the performance of the electrode [13-17].  
 To further address the issues pertaining to the delivery of the capacity at higher 
rate, nanoscale Ni(OH)2 structures possessing various morphologies in the form of 
nanosheets, nanoribbons, nanotubes, and nanowires have been synthesized [18-25]. 
Although these structures have been demonstrated to retain improved specific 
capacitance, they are mainly in powder form, which renders their deposition onto the 
current collectors with relatively complex 3D architectures rather difficult.  
 To enhance the adhesion of the active material particles to the current collectors, 
materials with adhesive properties, such as conductive organic binders, need to be 
utilized. However, the inclusion of the organic binder compounds could result in poorer 
contact between the particles of the active material and the current collector, which 
negatively contributes to the internal resistance of the electrode, and thus, leads to a 
reduced performance. In addition, the presence of these organic additives adds to the total 
mass and the volume of the electrode yielding a decrease in its specific capacity and 
power. Moreover, when the current collector comprises meso- or even microporous 
materials, such as Ni nanofoams, it is possible for the applied active material particles to 
disseminate unevenly in the highly porous structure, clogging the outer pores and 
generating dead spaces within the structure resulting in inefficient utilization of the 
electrode surface area during the charge and discharge processes. In some cases, where 
the current collector lacks sufficient mechanical robustness, the application process of the 
active material particles might even cause irreversible damages to the structure.  
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 Taking all of these aspects into account, the most suitable approach to combining 
the current collector with the active material is either through the electrodeposition of the 
active material onto the current collector or through the growth of the active material 
directly on the current collector. The latter approach can be investigated by using either 
electrochemical growth or the spontaneous growth of the active material. Gas-phase 
deposition, such as atomic layer deposition (ALD) and chemical vapor deposition (CVD), 
would also be a rather attractive approach for high-power applications, as they have 
proven quite successful in conformal deposition. However, this would require extra 
studies to develop the appropriate precursors, as well as the optimization of the 
deposition conditions. Also, utilization of techniques such as ALD and CVD substantially 
reduces the cost-effectiveness of the whole fabrication process.  
 
4.4.1 Methods for Growing Ni(OH)2 on the Backbone Structure 
 Electrochemical growth of the Ni(OH)2 film involves direct anodic oxidation of 
Ni in alkaline solutions. This method, however, yields relatively thin Ni(OH)2 films 
consisting of no more than two to three monolayers due to the self-limiting nature of the 
hydroxide layer growth [26-28]. This amount of active material is not sufficient for high-
capacity energy storage applications.  
 To mitigate this limited-thickness issue, a method has been proposed that involves 
anodic galvanostatic charging of Ni in a pH 7.65 borate buffer solution producing a 
highly porous oxide film [29]. This relatively thick oxide layer was speculated to be 
composed of NiOOH film, and it was shown to be distinctly different from the NiO film 
that serves as a passivation layer. The thickness of this active material exceeded 100 nm, 
and when performance at room temperature was assessed, the amount of charge 
converted was 6 mC cm
-2
 after 14 hours of anodic charging at a current density of 80 μA 
cm
-2
. For our multilayer Ni structure of 90 layers with a surface area of approximately 
150 cm
2
, the total amount of charge stored would be 900 mC, which corresponds to an 
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electrode capacity of 0.25 mAh. Although this approach provides a significant 
improvement in the amount of charge when compared to previous studies involving only 
several monolayers of Ni(OH)2, the total capacity is obviously not attractive, considering 
the capacity goals in this study.  
 One other technique to grow relatively thick layers of Ni(OH)2 involved high-
frequency potential cycling conditions [30]. This was achieved by the application of 
periodic square-wave potentials at high frequencies exceeding 1 kHz. Nonetheless, the 
amount of the active material formed through this technique is still much less than can be 
obtained via electrodeposition. Hence, this technique was also omitted in this study. 
 More recently, another mechanism for Ni(OH)2 growth, that comprises a 
template-free growth of Ni(OH)2 nanosheets on Ni substrates in the absence of 
potentiometric conditions, has been proposed [12]. According to this method, a pretreated 
Ni sample is placed in an aqueous solution consisting of nickel nitrate (Ni(NO)3)2, 
ammonium nitrate (NH4NO3), and ammonium hydroxide (NH4OH) at 90 °C for several 
hours, which yields a time-dependent growth of significant amounts of Ni(OH)2 on the Ni 
sample. For example, for a 12-hour-long period, the amount of Ni(OH)2 grown has been 
reported to be as high as 7 mg cm
-2
 [12].  
 A disadvantage associated with this method, however, is that the reaction rates are 
not well-defined, and therefore, having an exact control over the amount of the active 
material is not possible. Nonetheless, this technique was utilized in this study to fabricate 
electrodes with high energy densities, and the performance of the electrodes was 




Figure 4.12: Process flow for the template-free growth of the Ni(OH)2 nanosheets on the 
multilayer Ni structures and the optical images of the resulting electrodes following 
varying durations of growth 
 
 A schematic describing the fabrication sequence of the Ni(OH)2 electrode through 
template-free growth technique is given in Figure 4.12. First, multilayer Ni samples, 
prepared by following the procedures described in section 4.2, were thoroughly cleaned 
with acetone, methanol, and IPA. After the cleaning step, the samples were pretreated by 
soaking them in 0.1 mM nickel chloride (NiCl2) solution for 4 hours. Upon completion of 
the pretreatment step, the samples were rinsed in high-purity DI water and then immersed 
in the template-free growth solution at 90 °C which was prepared by dissolving 10 mmol 
Ni(NO)3 and 6 mmol NH4NO3 in a mixture of DI water and ammonium hydroxide (30 
wt%) with the respective volumes of 35 and 15 cm
3
. Following various durations of 
immersions, the samples were removed, carefully rinsed in DI water, soaked briefly in 
IPA, and placed in the oven at 90 °C for another 2 hours. As shown in Figure 4.12, a 
clear difference can be seen in the color of the deposits where the intensity of the green 
color increases with increased duration of soaking, indicating an increasing amount of 
Ni(OH)2.  
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 For the characterization purposes, samples with a soaking duration of 10 hours 
were utilized. Eight hours of exposure to the template-free growth solution was 
insufficient to produce a conformal coating of the active material, according to the SEM 
images. However, under a 12-hour-long exposure, excess amounts of Ni(OH)2 
nanosheets were synthesized which caused some of the etching holes of the multilayer 
backbone to get partially or fully clogged. Also, the handling of these electrodes was 
quite problematic, as the excess active material was susceptible to flaking off the 
electrode when transferring from one solution to another. For these reasons, the focus of 
this study has been on electrodes featuring the Ni(OH)2 nanosheets that were grown for 
10 hours. 
 SEM images showing the Ni multilayer structures before and after the growth of 
Ni(OH)2 nanosheets can be seen in Figure 4.13. In the first image of Figure 4.13, the 
etching hole of a 75-layer structure can be seen where the individual layers are clearly 
visible. Upon the growth of the nanosheets, however, the individual layers essentially 
disappeared due to the coverage of the active material. As shown in the second image of 
Figure 4.13, the 75-layer structure clustered into 5 to 6 layers after the growth of the 
nanosheets. This, obviously, means a significant decrease in the previously calculated 
surface area of the structure, which adversely affects the power performance of the 
electrode. For these reasons, electrodeposition techniques for the active material 





Figure 4.13: SEM images showing the multilayer Ni structure before and after the 
template-free growth of the Ni(OH)2 for 10 hours: (1) Ni layers inside the etching hole, 
(2) Ni layers inside the etching hole covered with Ni(OH)2 nanosheets, and (3) enlarged 
view of the grown nanosheets 
 
4.4.2 Methods for Electrodepositing Ni(OH)2 onto the Backbone Structure 
  Electrodeposition of the Ni(OH)2 film can be investigated under two main 
categories: anodic and cathodic electrodeposition. Numerous studies have been reported 
on the use of both methods, most of which, along with the substrates and electrolytes 
used, are summarized in Table 4.4. While all of them proved to be successful in 
depositing a Ni(OH)2 film that is substantially thicker than the electrochemically grown 
films, our focus has been on a particular cathodic deposition method studied by Streinz et 
al. [31, 32].  
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0.1 M Ni(NO3)2  [33] 
Pt disk 
Anodic deposition, CV 
between 0.3 and 1.1 V 
(vs. SCE) at 50 mv s
-1 
0.13 M NiSO4.6H2O 
0.13 M NaOAc 
0.1 M Na2SO4 
[34] 
Pt and graphite 
disk 
Anodic deposition, CV 
between 0.3 and 1.1 V 
(vs. SCE) at 50 mv s
-1
 
0.5 M NaOAc 
0.05 M NiSO4 
[35] 
Fluorine-doped 
tin oxide (FTO) 
Cathodic deposition, 
galvanostatically at 0.04 
mA cm
-2 










0.005 M NiSO4 





galvanostatically at 8 mA 
cm
-2 




galvanostatically at 0.01 





0.2 M Ni(NO3)2 in 









1.8 M Ni(NO3)2  
0.18 M Co(NO3)2 
 in 50/50 vol.% 











1.8 M Ni(NO3)2  
0.075 M NaNO3 
 in 50/50 vol.% 
EtOH and H2O 
[40] 
Au and Pt 
plates 
Cathodic deposition, 
potentiostatically at -0.5 




0.02 M Ni(NO3)2 
with surfactants 
[24] 
Pt foil and 
carbon paper 
Cathodic deposition, 
galvanostatically at 4 mA 
cm
-2 











0.13 M NiSO4 
0.13 M NaOAc 





potentiostatically at 1.05 
V (vs. Ag/AgCl), 25 
o
C 
0.13 M NiSO4 
0.13 M NaOAc 
0.1 M Na2SO4 
[43] 
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 Two main reasons lie behind our choice of this particular method: (1) This 
method was shown to have a high Faradaic efficiency even at room temperature 
deposition, which is quite critical for the applications in this study as will be discussed in 
the following paragraphs; (2) the chemistry behind the electrodeposition process, as well 
as the kinetics as a function of temperature, Ni(NO3)2 concentration, ethanol (EtOH) 
content, and current density, are well-understood, and a formula has been developed that 
can accurately predict the mass of the electrodeposited Ni(OH)2 film under certain 
conditions [31, 32]. 
 Depending on the concentration of Ni(NO3)2, two different reaction mechanisms 
have been proposed for the electrodeposition of Ni(OH)2 [31]. For low concentrations of 
nitrate ions (e.g., 0.1 M), the mechanism includes a reduction reaction, followed by the 
precipitation of Ni(OH)2: 
 
   
         
            
    (4.14) 
                         (4.15) 
  
 In the case of high concentrations of nitrate ions (e.g., 2 M), a substantial decrease 
has been observed in the efficiency, which was attributed to the diffusion of the Ni 
complex away from the substrate before the deposition takes place [32]. In this case of 
high concentration, the active material has been reported to undergo a two-step reaction 
mechanism as follows: 
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 Streinz et al. developed a formula to predict the mass of the electrodeposited 
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where m is the mass of the deposit (g), i is the applied current density (A cm
-2
), A is the 
surface area (cm
2
), M is the molecular weight of Ni(OH)2 (g mol
-1
), F is the Faraday's 
constant (96485 C mol
-1
), and   is the efficiency of utilization of the electrochemically 
generated OH
-
 ions. The efficiency can be calculated by: 
 
    
                 
 
        
    
    
 
 
   
   (4.19) 
 
where C is the concentration of the Ni(NO3)2 solution (mol L
-1
). Limitations have been 
reported regarding the use of Equations 4.18 and 4.19. For example, in order for these 
equations to predict the mass of the deposits accurately, the electrodeposition process 
should be carried out at room temperature and the solution needs to be composed of 50 
v% EtOH [32].   
 It is important to be able to carry out the electrodeposition at room temperature 
since the Ni(NO3)2 solution contains significant amounts of EtOH which results in 
increased vapor pressure and thus, higher volatility of the solution. Depending on the 
structure to be coated with Ni(OH)2, the electrodeposition process can take up to many 
hours to complete. If the process was carried out at elevated temperatures, which is the 
case for some of the processes listed in Table 4.4, a significant amount of solvent would 
easily evaporate and hence, the concentration would drastically change, which would 
eventually and substantially affect the deposition conditions. 
 Although the presence of EtOH adds complications to the processes involving 
long durations of operation by increasing the volatility of the solvent, it is beneficial as it 
increases the wettability of the solution. Increasing the wettability can be quite crucial, 
particularly for structures with relatively complex 3D architectures that require conformal 
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deposition, since it enables an improved contact between the solid electrode and liquid 
solution. Combined with the pulsed deposition, it supports the development of a 
conformal layer of active material on the 3D scaffold structure.  
 The experimental setup used for the cathodic electrodeposition of the Ni(OH)2 is 
schematically illustrated in Figure 4.14. A two-electrode cell configuration was prepared 
where the multilayer Ni electrode and a platinum (Pt) sheet were utilized as working and 
counter electrodes, respectively. To introduce convective effects to the transport of the 




Figure 4.14: Schematic of the experimental setup illustrating the cathodic 
electrodeposition of Ni(OH)2 
 
 As can be seen from Equation 4.19, the efficiency of the electrodeposition process 
is a function of the concentration of Ni(NO3)2. When the working electrode involves 
structures with relatively complicated 3D architectures as the ones reported herein, ion 
concentrations in the proximity of the electrode surface, particularly nearby the substrate, 
can be substantially reduced or even depleted when a current pulse is applied. Due to the 
long diffusion path lengths between the electrode surface and the bulk of the solution, the 
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local replenishment of the electrolyte in the proximity of the surface may not take place 
instantaneously. Hence, in these circumstances, pulse plating may be preferred over DC 
plating in order to allow the ions sufficient time to diffuse from the bulk of the solution 
after each pulse. To ensure conformal coating of the electrodes, Ni(OH)2 was 
electrodeposited under pulse current conditions (ton = 1 s, toff = 9 s, 10% duty cycle) with 
the help of a potentiostat (PowerLab 2/20, ADInstruments). SEM images of the resultant 




Figure 4.15: Multilayer Ni backbone: (A) prior to the electrodeposition of Ni(OH)2 and 
(B) after the conformal electrodeposition of Ni(OH)2 
 142 
4.5 Performance Characterization of the Electrodes  
 The performance of the fabricated electrodes were evaluated by galvanostatically 
charging and discharging at various currents. To examine the charge and discharge 
characteristics of these electrodes, a two-electrode-cell configuration similar to the one 
shown in Figure 4.11 was prepared where a 6 M KOH solution and a large Zn sheet were 
utilized as the electrolyte and the counter electrode, respectively. The distance between 
the two electrodes was set to approximately 1 cm. In this way, a secondary Ni/Zn battery 
chemistry was achieved. It should be noted that there is a series of Ni(OH)2-based battery 
chemistries, mentioned in section 4.1, all of which can be potentially used to characterize 
the performance of the Ni(OH)2 electrode. Among alternative anodes such as Fe and Cd, 
Zn was chosen due to its ease of handling and environmentally benign nature. 
 Using a large sheet as the counter electrode minimizes the limiting effects of the 
Zn anode on the overall performance of the system. Some of these anode effects include 
the lack of sufficient surface area to sustain high currents and the dissolution of Zn in the 
electrolyte after long charge and discharge cycles. 
 
4.5.1 Discharge Profile and Capacitance 
 Electrodes with a varying number of laminations (15, 25, 75, 90, and 100) were 
prepared and tested at room temperature. Charging and discharging rates ranging from 1 
to 120 C were applied. As a reminder, x-C rate indicates the rate at which the electrode is 
completely charged or discharged in x
-1
 hours. According to this definition, for example, 
1 C refers to a rate at which the battery is completely charged in 1 hour, whereas 120 C 
corresponds to a charging time of 30 seconds. During these charge and discharge cycles, 
the potential between the multilayer electrode and the Zn sheet was continuously 
monitored and recorded with the help of a potentiostat (PowerLab 2/20, ADInstruments). 
A cut-off potential of 1.3 V was determined at which the discharge process was 
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terminated. The electrochemical performance of the electrodes prepared by 
electrodeposition and template-free growth of Ni(OH)2 will be discussed separately. 
4.5.1.1 Electrodeposited Ni(OH)2 
 Figure 4.16 illustrates the discharge profiles of four electrodes with different 
numbers of laminations, and thus, different capacities. In terms of both the shape and the 
operating potential, the profiles are in good agreement with the previously reported Ni/Zn 
batteries [44-46]. A relatively flat voltage profile at around 1.7 V was maintained both at 
high and low discharge rates, with a small voltage decrease immediately after start-up, 




Figure 4.16: Capacity and discharge profiles of the electrodes with varying number of 
layers 
 
 An interesting point to note in Figure 4.16 is that the 15-layer electrode was able 
to exhibit an areal capacity of 0.1 mAh cm
-2
, whereas the measured areal capacity for the 
90-layer electrode was 5.1 mAh cm
-2
. Hence, a 6-fold increase in the number of 
laminations resulted in more than 50-fold increase in the areal capacity. The underlying 





























between the individual layers of the multilayer electrode and the thickness of the active 
material deposit on each layer.  
 Figure 4.17.A and 4.17.B demonstrate the side wall inside the etching hole of the 
75-layer and 90-layer electrodes, respectively, prior to the electrodeposition of Ni(OH)2. 
The latter electrode has an interlayer spacing that is nearly twice as wide as the former 
one allowing more volume to be occupied by Ni(OH)2. Although having a wider 
interlayer spacing to be able to deposit more active material is beneficial in terms of 
improved capacity, it can have a negative impact on the power density, as indicated in the 







Figure 4.17: Areal capacities of two multilayer electrodes with different number of 
laminations and interlayer distance: (A) 75-layer electrode with an areal capacity of ~1.5 
mAh cm
-2


















































4.5.1.2 Template-free grown Ni(OH)2 
 The discharge profile of a 90-layer electrode fabricated through template-free 
growth of Ni(OH)2 can be seen in Figure 4.18. This electrode is based on the same 
multilayer Ni backbone (i.e., same batch) as the one shown in Figure 4.17.B. It can be 
noticed that the utilization of the template-free growth for the same number of 
laminations caused a significant increase in the capacity of the electrode. When 
discharged at 0.5 C, the electrode with electrodeposited Ni(OH)2 shown in Figure 4.17.B 
exhibited an areal capacity of 5.1 mAh cm
-2
 while the measured capacity for the electrode 
involving template-free grown Ni(OH)2 was 7.1 mAh cm
-2
. This 40% increase in the 
capacity mainly stems from the fact that a larger amount of active material deposition is 
enabled through template-free growth. These results indicate that the template-free 
growth method is more effective for applications requiring high energy densities at low 
































4.5.2 Power Capability and Capacity Retention 
 The power capability of the Ni(OH)2 electrodes was evaluated by applying 
various charge and discharge rates. The capacities obtained were recorded and the 
capacity retention was calculated. 
4.5.2.1 Electrodeposited Ni(OH)2 
 The relation between the areal capacity of a 25-layer electrode and the discharge 
rate is illustrated in Figure 4.19. The electrode was charged at a constant rate of 10 C and 
then discharged at seven different rates ranging from 2 to 90 C. As expected, a decay in 
the areal capacity was observed as the discharge rate was increased. However, compared 
to its previously reported counterparts in the literature, the capacity degradation of this 
multilayer electrode was substantially reduced [39, 47].  
 The amount of the active material on the Ni backbone was first determined 
theoretically by utilizing Equations 4.18 and 4.19. According to these equations, it was 
found that 0.37 mg Ni(OH)2 was electrodeposited. This was validated with a high-
precision microscale by measuring the weight of the Ni multilayer structure before and 
after the active material deposition. The mass difference between the coated and uncoated 
electrode was measured to be 0.4 mg, which turned out to be in good agreement with the 
theoretically calculated value.  
 Prior to the electrodeposition of the active material, the mass of the 25-layer Ni 
structure was measured as 31 mg. Theoretically, the mass of a single layer can be 
approximately found by multiplying the density of Ni (8.9 g cm
-3
) by the product of 
surface area (0.8 cm
2
) and the thickness of the layer (1 μm), giving 0.7 mg. For a 25 layer 
structure, the total mass should be 17.5 mg, excluding the mass of the connection pad and 
the anchors, which is assumed to account for the difference between the measured and 






Figure 4.19: Power performance of a 25-layer electrode charged at 10 C and discharged 
at various rates ranging from 2 to 90 C: (A) discharge profile, and (B) capacity at various 
discharge rates 
 
 The areal capacity obtained by discharging at 2 C (i.e., in 30 minutes) following a 
charge rate of 10 C was measured to be 0.41 mAh cm
-2
. When the mass of the active 
material is taken into account, the specific capacity at 2 C discharge rate was found to be 
278 mAh g
-1
 which is very close to the theoretical value for a single electron transfer 
process, indicating that having the active material electrodeposited on a multilayer Ni 
backbone does not have a negative impact on its properties [38, 48].  
 When the electrode was discharged at 90 C (i.e., in 40 seconds) following a 
charge rate of 10 C, the areal capacity was determined as 0.32 mAh cm
-2
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capacity retention of ~78%. This indicates a supercapacitor-like behavior for the battery, 
which is a desired feature considering the premise of this study.  
4.5.2.2 Template-free grown Ni(OH)2 
 The electrodes prepared through template-free growth of Ni(OH)2 were evaluated 
in a similar fashion by applying different discharge rates. However, their power 
capability was inferior in comparison with electrodes containing electrodeposited 
Ni(OH)2. Figure 4.20.A and 4.20.B show the discharge profiles of a 90-layer electrode 
discharged at 0.3 and 7 C, respectively. The areal capacity of the electrode at 0.3 C (7.1 
mAh cm
-2
) was observed to drop to 2.3 mAh cm
-2
 when the discharge rate was increased 
to 7 C. It was postulated that the main reason behind this significant capacity drop at high 
rates was due to the uncontrolled and nonconformal growth of the active material on the 
current collector as observed in Figure 4.13. Although higher capacities are more easily 
obtained via this template-free growth method, the high-power performance of the 
electrode was not as strong as the performance of the electrodes with the electrodeposited 
active material.  
 These electrodes were also evaluated by performing more than 250 charge and 
discharge cycles at relatively high rates of 14 and 7 C, respectively. The discharge profile 
at every 50
th
 cycle was recorded and shown in Figure 4.20.C. It can be seen that the 
change in the capacity of the electrode did not exceed more than 10% even after 250 
cycles. This is an indication of the stability of the active material on the Ni backbone.  
 However, unlike the conventional electrodes whose capacity would be expected 
to decline over time, the capacity of the tested electrode was observed to fluctuate. For 
example, the capacity was found to drop to 1.80 mAh cm
-2
 after the 150
th
 cycle; yet, then 
increased to 1.93 mAh cm
-2
 after the 200
th
 cycle. These fluctuations in the capacity may 
have originated from the nonconformal nature of the active material as well. It is possible 
that some of the Ni(OH)2 grown on the Ni backbone, particularly in the central regions 
between the layers further away from the sidewalls of the multilayer structures, may not 
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have been exposed to the electrolyte initially due to the excess amount of Ni(OH)2 
formed on the sidewalls as shown in Figure 4.13. As the charge and discharge cycles 
proceed at relatively high rates, some of the excess active material on the sidewalls may 
have deformed or even detached from the current collector, allowing the electrolyte to 
reach previously inaccessible regions of the active material and hence, resulting in an 
increase in the capacity. 
 Better high-power performance may be obtained from the electrodes prepared 
through template-free growth method by controlling and limiting the growth of the 
Ni(OH)2 nanosheets and thus, enabling a conformal coating on the multilayer Ni 
backbone with sufficient inter-layer gap allowing electrolyte access to every region. 
However, this would require a thorough study of the growth kinetics and fine-tuning of 
the growth conditions, such as temperature, process duration, and solution concentrations, 
which was beyond the scope of this study. Therefore template-free growth method was 





Figure 4.20: Discharge profiles of a 90-layer electrode: (A) discharged at 0.3 C, (B) 















































































4.5.3 Cycling Stability 
 The electrodes with electrodeposited active material were shown to be capable of 
retaining a large portion of their capacities at both high charge and discharge rates. 
However, their high-power capabilities would only be meaningful for practical 
applications if they can demonstrate a long-term sustainability. Therefore, the cycle life 
of the Ni(OH)2 electrodes was also evaluated at high charge and discharge rates. 
 When performing the experiments pertaining to the cycling stability of the 
Ni(OH)2 electrodes, the Zn electrode was observed to severely degrade following the 
long charge and discharge cycles, particularly at high rates, as shown in Figure 4.21. In 
addition to the dendrites forming on the surface of the Zn electrode, which may 
potentially cause shorting of the cell due to the relatively small distance between the 
electrodes, precipitates were observed on the bottom of the electrolyte container located 
right underneath the Zn sheet. Large amounts of dissolved Zn can also contaminate the 




Figure 4.21: Zn anode after 200 cycles at high charge and discharge rates 
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 To avoid the potential problems associated with Zn degradation, a three-
electrode-cell configuration was utilized for the cycle life characterization of the 
electrodes. A platinum mesh and an Ag/AgCl electrode were utilized as the counter and 
reference electrodes, respectively. As can be seen from Figure 4.22, the change of the 
electrode-cell configuration did not affect the overall discharge profile of the cell. The 




Figure 4.22: Discharge profile of a 100-layer electrode at various charge and discharge 
cycles tested in a three-electrode-cell configuration by charging and discharging at 20 C 
and 10 C, respectively 
 
 As shown in Figure 4.22, a 100-layer electrode was tested at high charge and 





 cycle was found to drop to 2.02 mAh cm
-2
 after the 80
th
 cycle, 
corresponding to a remarkable capacity retention of 83% even at high rates. This high 
cycling stability also indicates that the electrodeposited Ni(OH)2 was able to maintain its 


































 When charging the electrodes galvanostatically at high rates (e.g., >10 C), the 
potential was observed to reach values exceeding 2 V and as a result, large amounts of 
bubbles form on the Ni electrode, potentially distorting the Ni(OH)2 film on the 
multilayer structure. To mitigate this bubble formation, a 3-step charging process was 
utilized where the current is gradually reduced when the threshold potential is reached. 
The currents during this process were adjusted in such a way that the total amount of 
charge transferred was equal to the capacity of the electrode.  
 The normalized capacity of a 100-layer electrode at various charging rates using 
the 3-step charging method can be seen in Figure 4.23. In excess of 80 charge and 
discharge cycles were performed and outstanding capacity retention was reported even at 
extremely high charging rates. For example, at a charging rate of 150 C which 
corresponds to a charging time of 24 seconds, the electrode was able to deliver 
approximately 50% of its 4 C capacity, confirming the supercapacitor-like behavior of 




Figure 4.23: Normalized capacity of a 100-layer electrode charged in three steps at 






























5 C 6 C 60 C 1 C 100 C 120 C 150 C4 C
 153 
 To confirm the mechanical stability and integrity of the Ni(OH)2 film on the 
multilayer backbone at high rates visually, high-resolution SEM images were taken 
following the charge and discharge cycles. As shown in Figues 4.23, some cracks were 
observed in the active material film but overall, the film remained mainly intact, 





Figure 4.24: Sidewall of a multilayer structure following more than 100 charge and 
discharge cycles 
  
 In order to assess the integrity of the active material located in the center parts of 
the layers further away from the sidewalls, tape was adhered to the bottommost layer of 
the multilayer electrode and carefully pulled away. The separated layer was then imaged 
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as shown in Figure 4.25. It can be seen that the active material was able to preserve its 
conformality not only on the sidewalls, but also on the inner regions of the layers. This 
also confirms the capability of conformal active material deposition onto relatively 
complex 3D architectures, which is an essential part of this study where a precise control 




Figure 4.25: Bottommost layer separated from the rest of the multilayer electrode to 
confirm conformal coating of the active material 
  
 It can be seen in Figure 4.25 that some portions of the Ni backbone were exposed 
due to the cracks that formed in the active material following the charge and discharge 
cycles at high rates. One concern was whether the exposed regions of the Ni backbone 
contributed to the performance of the electrode because of the Ni(OH)2 formation during 
the charging (i.e., anodizing) steps, especially at high rates. It was mentioned earlier in 
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this chapter that anodization of Ni is a method to build Ni(OH)2 electrodes. However, due 
to the self-limiting nature of the Ni(OH)2 growth, the resulting film would be expected to 
be of insignificant thickness (~1-2 nm) unless specific techniques, such as periodic 
square-wave potentials at high frequencies, are applied. Therefore, the contribution 
originating from anodically grown Ni(OH)2 film was expected to be negligible. To 
further confirm this experimentally, a blank electrode composed of 90 Ni layers was 
prepared. This electrode underwent the same charge and discharge tests. It was found that 
the capacity of this electrode was less than 1% of what was obtained from the Ni(OH)2-
coated electrode.   
 
4.5.4 Electrodes with Higher Capacities 
 When applications requiring larger quantities of energy (>50 mWh) are 
considered, higher capacities than the ones reported thus far are required. According to 
Equation 4.20, the energy stored in an electrode (E) in terms of Wh can be found by 
multiplying capacity (C) by the average discharge potential which is 1.7 V for the current 
chemistry.  
 
          (4.20) 
  
 The highest capacity obtained from the fabricated electrodes with 
electrodeposited Ni(OH)2 onto a 90-layer structure was measured to be 5.1 mAh, 
referring to an energy of 8.6 mWh which is nearly one order of magnitude less than what 
is generally expected for macroscale devices. Therefore, a significant increase in the 
capacity is required in order to make the electrodes more appealing for macroscale 
applications.  
 One of the obvious methods to enable higher capacities is by increasing the lateral 
aspect ratio of the structures, which would result in electrodes with higher footprint areas. 
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However, it would not be desirable due to the limited available space to place the power 
source, particularly in portable electronic devices. Another obvious way of achieving 
such a high capacity is by fabricating electrodes with higher number of laminations; yet, 
fabrication-related constraints originating from the lack of an appropriate mold do not 
allow the realization of such structures. In fact, Ni structures with 250 layers were able to 
be demonstrated while the total thickness was kept constant (~0.5 mm). However, the 
individual Ni layer thickness and inter-layer distance (i.e., thickness of Cu layers) were 
substantially smaller than for the 90-layer structures due to the limitation on the mold 
thickness. Therefore, no significant increase in the amount of active material and thus, in 
the capacity of the electrode was able to be achieved. 
 To overcome the fabrication limitations pertaining to the photoresist mold, stack 
of simultaneously fabricated structures was prepared. For the demonstration purposes, 
three 90-layer electrodes were combined by soldering at their connection pads. The 
discharge profile of the resultant structure can be seen in Figure 4.26. This stack of 































 Hence, higher capacities can be achieved by forming stacks with higher number 
of electrodes. However, higher capacities require similarly high discharge currents in 
order to be able to characterize the power capability of the electrodes. For example, a 
stack of 6 90-layer electrodes is expected to deliver an approximate capacity of 35 mAh. 
When the high-power performance of this electrode is desired to be evaluated at 60 C, a 
current of 2.1 A needs to be drawn which cannot be characterized in our lab due to the 
equipment-related (e.g., potentiostat) limitations.   
 One way of overcoming these high levels of currents is through changing the 
electrode configuration. By connecting these six electrodes in parallel, the current can be 
reduced to its one-sixth (350 mA) while maintaining the total capacity. Another way of 
reducing the current is by switching to other secondary battery chemistries. Li-ion 
batteries, for example, are known to exhibit discharge potentials of more than 3.5 V. 
Based on Equation 4.20, this corresponds to at least double the energy of the Ni(OH)2 
electrodes with the same capacities. Electrodes based on Li-ion chemistries will be 
discussed in detail in the next chapter.  
 
4.6 Modeling of the Fabricated Electrodes 
 As described in section 4.2, the electrode design is limited by fabrication-related 
constraints, including the individual Ni layer thickness, the total thickness of the 
structure, and the spacing between the Ni layers. The underlying reasons (i.e., mechanical 
integrity of the layers and maximum height of the photoresist mold) for the limitations 
pertaining to the former two characteristic dimensions were discussed in section 4.2. The 
limitation concerning the inter-layer spacing, however, was briefly mentioned, but not 
discussed thoroughly.  
 Following the removal of the sacrificial Cu layers, the electrodeposition of the 
Ni(OH)2 film was performed under pulse current conditions, as described in detail in 
section 4.4.2. This process ensures a conformal coating of the Ni(OH)2 film on the 
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multilayer Ni current collector. According to the modeling results, for a distance of 300 
µm between the adjacent etching holes, the minimum theoretical Cu layer thickness 
should be 0.45 µm, in order to realize electrodes that can be charged in 1 minute (i.e., at 
60 C charge rate). However, when attempts were made to fabricate electrodes with inter-
layer spacing (i.e., Cu layer thickness) of less than 1 µm, a conformal coating of the 
Ni(OH)2 was not able to be achieved as easily. Even after increasing the toff/ton ratio from 
9 to 20 during the pulse deposition process, the channels were observed to be clogged due 
to the excess and uneven deposition of the active material onto the sidewalls of the 
multilayer backbone. Therefore, the spacing was increased to a minimum value of 2 µm, 
although it is much higher than the minimum required spacing. In this way, the problems 
pertaining to the deposition of a conformal active material film is alleviated at the 
expense of reduced capacity, since the increase in inter-layer spacing results in deposition 
of fewer number of layers for a given total thickness. 
 The increase in the inter-layer spacing also allowed electrodeposition of thicker 
Ni(OH)2 films, and thus, realization of electrodes with higher energy densities at the 
expense of power density. The multilayer electrodes given in Figure 4.24, for example, 
have an active material film thickness of approximately 1 µm which is ten times the 
maximum allowed thickness calculated from the modeling to be able to charge the 
electrode in 1 minute with a negligible forfeit in the capacity. It can be seen in Figure 
4.23 that the electrode was able to deliver 80% of its 1 C capacity when charged at 60 C. 
When the charge rate was increased to 120 C (i.e., charging time of 30 seconds), the 
capacity delivery was reduced further to the range of 50-60% which is still quite 
impressive for a battery electrode. 
 To determine if the model can predict a similar power delivery, the simulations 
were performed based on the dimensions of the fabricated electrodes. Figure 4.27 shows 
the theoretical capacity retention of the fabricated electrodes with an active material 
thickness of 1 µm as a function of the charge rate and compares the modeling results to 
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the experimental data. The inter-layer spacing for these electrodes is well above the 
minimum thickness of 0.45 µm. Therefore, it does not affect the modeling results. When 
charged at a low rate of 4 C, the modeling results showed that the concentration of the H
+ 
ions within the active material was reduced to 5% of its initial value of 0.0383 mol cm
-3
, 
indicating a capacity delivery of 95% which is in good agreement with the experimental 
data shown in Figure 4.23. When the charge rate was increased to 60 C, the theoretical 
capacity delivery dropped to approximately 85% which is still quite close to the 
experimental value of ~80%. However, when the charging rate in the model was 
increased to 120 C, a significant deviation was observed from the experimental data. The 
model predicts a capacity retention of approximately 80%, whereas, in reality, the 




Figure 4.27: Theoretical capacity retention vs. experimental data of a 100-layer electrode 
with a 1-μm-thick active material at various charge rates 
 
 The discrepancies between the modeling and experimental results at high rates 
may stem from several factors. One cause may be the assumption that a uniform film of 
Ni(OH)2 is present on each Ni layer. Yet, as indicated in Figures 4.24 and 4.25, cracks 
are observed in the active material, which may originate from the expansion and 































are accentuated at high rates. The SEM images also show dendrite-like structures formed 
on the surface of the active material, which, in some regions, are more than twice as 
much than the original thickness of the as-deposited active material itself. This would 
result in much longer diffusion path lengths for the ions, which would have an adverse 
effect on the power performance. Other factors, such as the negligence of the polarization 
effects and assumption of a constant electrolyte concentration within the etching holes 
might have also contributed to these discrepancies. 
 
4.7 Performance Projections Using the Models 
 Using the diffusion-limited models introduced in section 4.2, projections 
regarding the performance of the multilayer Ni(OH)2 electrodes were made. This was 
achieved by fine-tuning the aforementioned characteristic dimensions, including the 
individual Ni layer thickness of the multilayer backbone and the active material thickness 
on each layer.  
 The impact of the individual Ni layer thickness on the performance of the 
multilayer electrode can be seen in Figure 4.28, where the areal capacity of the electrode 
is shown as a function of the thickness of the individual Ni layers. This projection is 
based on the width, active material thickness, and inter-layer spacing of 300 µm, 0.1 µm, 
and 0.25 µm, respectively. Reducing the thickness of the Ni layer further below the 
experimentally determined value of 1.5 µm results in an increase in the areal capacity, 
since this would allow deposition of higher number of layers, and thus, more active 
material within a given volume of the electrode. An approximately three-fold 
improvement in the areal capacity can be realized, if the thickness of the individual Ni 
layers can be reduced to 0.3 µm. This would obviously result in an improved power and 
energy density of the electrode, as the mass and volume ratios of the electrochemically 
inactive material (i.e., Ni backbone) to the total mass and volume of the electrode are 
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reduced as well. Potential methods that can be utilized to achieve structures with thinner 




Figure 4.28: Model projections of the areal capacity of a 300-μm-thick Ni(OH)2 
electrode as a function of the individual Ni layer thickness 
  
 An opposite trend was observed with an increase in the active material thickness. 
For the same total electrode thickness of 300 µm, Ni layer thickness of 1.5 µm, and the 
channel width of 300 µm, increasing the thickness of the Ni(OH)2 film was shown to 
increase the areal capacity, as illustrated in Figure 4.29. Increasing the thickness of the 
Ni(OH)2 film, however, has a negative impact on the power performance due to increased 




Figure 4.29: Model projections of the areal capacity of a 300-μm-thick Ni(OH)2 
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 The impact of the active material thickness, as well as the Ni layer thickness, on 
both the energy and power density of the electrodes is shown in Figure 4.30.A and 
4.30.B. The gravimetric density is more important for macroscale applications where the 
mass of the power source is usually the limiting factor (e.g., cell phones), whereas the 
volumetric density is generally the main concern for applications with limited space (e.g., 
microsensors and microactuators). Therefore, the application area should be taken into 
account when designing the electrodes according to Figures 4.30.A and 4.30.B.   
  The projections in Figure 4.30 were made by using the aforementioned diffusion-
limited models. First, the maximum possible charging rate was calculated for a given 
thickness of the active material film, which was found by estimating the minimum 
amount of time at which the concentration of H
+
 within the active material film drops to 
less than 1% of the initial concentration (i.e., 0.0383 mol cm
-3
). The corresponding 
current density that enables the charging at the calculated rate was then used in the 
second model to find the minimum required inter-layer spacing H. From these values, the 
number of depositable layers within the total thickness of 300 µm was calculated. Finally, 
based on the number of layers and the amount of the active material, the energy and 
power densities of the electrode were estimated. For the power and energy density 
calculations, the discharge potential of the electrode was assumed to be 1.7 V. 
 It can be seen that increasing the Ni(OH)2 film thickness from 0.1 to 0.2 µm can 
cause an order of magnitude drop in the volumetric power density of the electrode, while 
the increase in the volumetric energy density is not as significant. Also, minimizing the 
mass of the electrochemically inactive material (i.e., Ni backbone) by reducing the 
thickness of the individual Ni layers is shown to cause substantial improvements in both 







Figure 4.30: Theoretical power and energy density of the electrodes as a function of the 
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 In this chapter, MEMS-enabled, metallic multilayer structures with precisely 
controlled dimensions were demonstrated as secondary battery electrodes. Ni(OH)2 was 
chosen as the active material of secondary battery chemistry deposited onto the 
multilayer backbone. Two methods have been considered for the formation of the active 
material film on the current collector. The first method involves the cathodic 
electrodeposition of Ni(OH)2 under current-controlled conditions. The second method 
comprises the template-free growth of Ni(OH)2. The latter method was found to yield 
electrodes with substantially higher capacities than the former one; yet, a conformal 
coating on the Ni backbone was not able to be achieved, which adversely affected the 
power performance of the electrode. The former method, on the other hand, enabled a 
better control over the thickness and the mass of the electrodeposited active material, 
resulting in a better conformality and hence, a better power performance. 
 A unique feature of the multilayer scaffold approach reported in this chapter is the 
ability to remove the sacrificial Cu layers completely due to the presence of the Ni 
anchors supporting the remaining Ni layers and thus, to achieve structures with 
significantly higher surface area as compared to the electrodes based on structures with 
partially etched Cu layers. Another unique feature presented was the ability to fabricate 
structures with much higher total thicknesses (e.g., >300 μm) as compared to what has 
been reported in the case of Zn-air batteries in Chapter 3. This was realized by 
developing a new way to use an existing photoresist (i.e., AZ 125 nXT) to create high-
aspect-ratio molds for the electroplating process, leading to the realization of the 
electrodes with substantially improved capacities.   
 The concept introduced in this study was able to address several aspects of battery 
dynamics that are essential for enhanced battery performance. First, the high surface area 
enabled by the fabrication of relatively higher number of Ni layers and by the complete 
removal of the Cu layers provides larger contact area between the electrode and 
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electrolyte, resulting in higher number of active sites to host the redox reactions of the 
active material. Second, the realization of a thin and conformal active material coating on 
each layer reduces the diffusion and conduction path lengths for the solid-state ions and 
electrons, respectively. Hence, the power-limiting effect originating from the low 
conductivity of the active material (Ni(OH)2) is significantly mitigated. Finally, the 
mechanically stable and electrochemically inert metallic backbone serving as a current 
collector with high electronic conductivity, exhibits minimized resistance for the transfer 
of electrons to and from the active material. 
 The resultant electrodes with the electrodeposited Ni(OH)2 provided areal 
capacities as high as 5.1 mAh cm
-2
. These electrodes demonstrated remarkable power 
capability by delivering more than 50% of their capacities even after ultra-fast charge 
rates of 120 C. Diffusion-limited models, that have been developed to design multilayer 
structures with optimum characteristic dimensions (e.g., active material thickness, inter-
layer spacing) were utilized to predict the performance of the fabricated electrodes. The 
experimental results up to the charging rates of 60 C were found to be in good agreement 
with the theoretical results obtained from the FEM models. The resultant electrodes also 
exhibited improved cycling stability when charged and discharged at high rates in excess 
of 80 times.   
 For the quantitative realization of the contributions provided by the approaches 
reported in this chapter, both gravimetric and volumetric power and energy densities of 
the electrodes were calculated and compared to the existing energy storage systems. This 
comparison can be seen in Figures 4.31 and 4.32 where the performance of the 25-layer 
Ni(OH)2 electrode (Point A) that was previously demonstrated in Figure 4.19 is 
illustrated along with the existing energy storage systems. The performance value labeled 
as point A is based on the total mass of the electrode (i.e., Ni backbone and the active 
material). Point B, on the other hand, is the theoretical performance of the electrode with 
optimized dimensions that were determined by using the aforementioned diffusion-
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limited models. This electrode features a Ni layer thickness of 0.1 µm, a Ni(OH)2 film 
thickness of 0.1 µm, an inter-layer spacing of 0.23 µm, and a total thickness of 300 µm. 
The location of these points indicates that the contribution of the multilayer electrodes in 
terms of volumetric energy and power density is much more significant than the 




Figure 4.31: Ragone plot comparing the gravimetric power and energy densities of the 
25-layer Ni(OH)2 electrode (point A) and the modeled electrode with the optimized 





Figure 4.32: Ragone plot comparing the volumetric power and energy densities of the 
25-layer Ni(OH)2 electrode (point A) and the modeled electrode with the optimized 
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 ELECTRODES FOR LITHIUM-ION BATTERIES 
5.1 Background and Motivation 
 Li-ion batteries are one of the most widely studied battery chemistries and make 
up the vast majority of the commercial battery market. Ever since the introduction of the 
first commercial Li-ion battery by Sony in 1991, its market share has grown rapidly, and 
Li-ion technology has become the standard power source for an increasingly diverse 
range of products including cell phones, computers, cameras, and more recently, electric 
vehicles [1]. These batteries possess higher energy density and longer cycle life than the 
Ni(OH)2-based batteries discussed in the previous chapter and hence, enable the 
realization of electrodes with higher energy storage capabilities for a given size, 
rendering them commercially more appealing. In addition, there are a wide variety of 
possible Li-ion chemistries, offering flexibility in terms of the design and fabrication of 
the electrodes. Hence, one of the focuses of this study is on the application of the 
multilayer electrode approach using Li-ion battery chemistries. 
 The operation principle of the Li-ion batteries relies on the transport of Li ions 
(Li
+
) between the positive and negative electrodes of the battery as the battery is charged 
and discharged. Therefore, these batteries have often been referred to as rocking chair 
batteries [1]. The conceptual rendering summarizing the electrochemical processes inside 
a Li-ion battery during the charge and discharge processes is illustrated in Figure 5.1.   
 Although metallic Li has an extremely high energy density of 3860 mAh g
-1
, it is 
generally not preferred as an anode material in rechargeable batteries. One of the reasons 
for avoiding the use of metallic Li as the electrode is related to its relatively low melting 
point (~180 ºC). Also, large dendrites tend to form on the Li surface during the charging 
process, particularly at high rates, which may penetrate through the separator and lead to 
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shorting of the cell. Moreover, Li has been reported to exhibit high reactivity toward 
electrolytes [2]. For these reasons, instead of pure metallic Li, various materials that can 





Figure 5.1: Illustration of the electrochemical processes inside a Li-ion battery cell 
composed of a carbonaceous negative material (anode) and a metal oxide positive 
material (cathode) [1] 
  
 The amount of energy stored in a cell is determined by the ability of the electrode 
materials to host high content of Li ions. Unlike the other battery chemistries, a wide 
variety of materials exist for the three main components (i.e., anode, cathode, and 
electrolyte) of Li-ion batteries and all of these components play a vital role on the overall 
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performance of the battery. The most popular materials utilized for each component are 
summarized in Figure 5.2. Depending on the application, certain combinations of 
materials for the battery components may be preferred over the others. Since the focus of 
this study is on the high-power electrodes, the emphasis will be on the materials with 




Figure 5.2: Electrode materials and electrolytes studied for Li-ion batteries [3] 
 
 There are several active materials exhibiting outstanding capacity for ion storage 
and thus, possessing high specific energy. However, these materials suffer from the large 
volume changes that occur during the insertion (i.e., lithiation) and extraction (i.e., 
delithiation) of Li
 
ions, which potentially lead to significant deformations in the active 
material, reducing the amount of Li ions it can host. Another commonly encountered 
issue is the low ionic and electronic conductivity of some of these active materials, 
resulting in low power densities. The rationally designed and deterministically 
engineered architectures offered by this study allow one to overcome these limitations to 
a great extent while maintaining high energy storage capabilities.  
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5.2 Choice of Materials 
 As can be seen in Figure 5.2, there are a large number of potential combinations 
of materials for Li-ion batteries. The main criteria in choosing the best materials 
combination are its high-power capabilities (i.e., enhanced intrinsic properties such as 
high ionic and electronic conductivity) and the ability to incorporate the material of 
choice into the multilayer structures. 
 In this section, commonly studied materials for anode and cathode electrodes, as 
well as electrolytes will be briefly discussed and the choice of specific materials for the 
fabrication of high-power electrodes in this study will be described. 
  
5.2.1 Anode Materials 
 Based on their Li storage mechanism, active materials used as anodes can be 
divided into three categories: (1) alloys, (2) intercalation materials, and (3) transition 
metal compounds. 
5.2.1.1 Alloys 
 The first group of materials involves alloy systems composed of elements such as 
Si, Ge, Al, Sb, and Sn. These materials are capable of storing more than one Li atom per 
host metal atom (e.g., Li4.4Si, Li4.4Ge, Li3Sb etc.) and thus, yield high energy density [4]. 
Pure Si, for example, has the highest known theoretical specific capacity of 4200 mAh g
-
1
, which is even higher than pure metallic Li [5]. However, the main obstacle in the use of 
these pure metals is the significant volume expansion and contraction during lithiation 
and delithiation processes, respectively. This may result in poor cycling performance of 
the battery due to cracking or even pulverization of the electrode materials. In order to 
alleviate this fracture-induced capacity decay problem during cycling, intermetallic 




                 (5.1) 
 
where A and B are two metals forming the alloy. These materials have been shown to be 
able to accommodate significant volume changes more easily [3]. Some of these alloys 
reported as potential anode materials include Cu6Sn5, NiSn, InSb, and Cu2Sb [6-9]. 
However, these alloys have been shown to possess lower gravimetric energy density 
compared to their pure counterparts [10]. 
 These metallic materials are highly suitable for high-power applications due to 
their high electronic conductivity. The processing of these metallic materials is also quite 
compatible with the fabrication processes reported in this study. Among the 
aforementioned alloys, NiSn was preferred, since its use as an active material for high-
power battery anodes with ultrafast charge and discharge capabilities have been 
successfully demonstrated by electrodepositing a conformal layer onto an inverse opal 
3D Ni electrode [11]. 
5.2.1.2 Intercalation Materials 
 This group of anode electrodes undergoes insertion reactions during the lithiation 
process. They are mainly made of carbonaceous (e.g., graphite) materials that tend to 
maintain their structural integrity throughout long charge and discharge cycles. Hence, 
capacity fading after numerous charge/discharge cycles is quite insignificant. They are 
also suitable for high rate charge and discharge operations as their conductivity, as well 
as the diffusivity of Li within these materials, is rather high. However, compared to other 
types of anode materials, the number of Li atoms that can be stored per site is limited 
(e.g., LiC6), resulting in a relatively lower energy density (e.g., 372 mAh g
-1
 for 
commercial graphite-based anode) [10]. 
 Although carbonaceous materials are intrinsically suitable for high-power 
applications, the formation of conformal layers of these materials on relatively complex 
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3D architectures is difficult. Hence, they were not considered as a potential active 
material in this study. 
5.2.1.3 Transition Metal Compounds 
 Transition metal compounds used as anode materials are typically binary 
transition metal oxides that have rock salt structures (i.e., structures having fcc anions 
with octahedral sites occupied by cations), which do not possess any sites to host Li 
atoms. Consequently, the lithiation can only occur through conversion reactions as 
shown: 
 
         
                  (5.2) 
 
where M represents a transition metal (e.g., Ni, Cu, Fe, Co) and X is either one of the 
following: O, N, S, or F. As shown in Equation 5.2, this particular mechanism allows the 
storage of at least two Li atoms per molecule, yielding higher capacities than the 
carbonaceous materials. However, materials relying on conversion reactions have been 
reported to exhibit both slow kinetics and a large hysteresis during charging and 
discharging of the Li-ion battery [12]. As a result, rapid charging can cause plating of the 
Li metal on the electrode surface instead of lithiation of the active material, which may 
have undesired outcomes.   
 Although these materials have been reported to suffer from slow kinetics, NiO 
was utilized as an active material because of its ease of fabrication. It was previously 
demonstrated in Chapter 4.3.2 that it is possible to deposit a conformal layer of Ni(OH)2 
onto the relatively complex 3D Ni backbone. NiO electrode can then be obtained by 
simply calcinating Ni(OH)2-coated structures at relatively high temperatures. The same 
approach was also utilized for the fabrication of NiO-based supercapacitors as will be 
discussed in Chapter 6.2. 
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5.2.2 Cathode Materials 
 In general, cathode materials possess lower specific capacities than their anode 
counterparts. These materials can be investigated under two major groups: (1) transition 
metal oxides and sulfides and (2) polyanion-based materials. 
5.2.2.1 Transition Metal Oxides and Sulfides 
 LiCoO2 is currently the dominant cathode material in the Li-ion battery market 













, respectively [12]. However, this material reportedly suffers from 
severe structural stability degradation. Although several methods, including doping with 
trivalent ions and coating with metal oxides, have been proposed to suppress Co 
dissolution, other factors, including the high cost and high toxicity of Co, resulted in the 
search for alternative materials [3]. 
 One of the promising alternatives is LiMn2O4. It is an environmentally benign and 
low-cost material. However, it exhibits an intrinsic low rate performance due to its low Li 













, respectively, which are at least an order of magnitude 
less than LiCoO2. To overcome these intrinsic power limiting issues, nanostructuring of 
these materials have been suggested [12]. The other problem associated with this material 
is the slow dissolution of Mn in the electrolyte during the charge and discharge cycles, 
which can be partially alleviated by coating and doping techniques [10, 12]. 
 Another cathode material that belongs to this group is LiNi0.5Mn1.5O4, which has 
also been extensively studied as a strong candidate for Li-ion cells with high energy and 
power density because of its high operating potential and reversible capacity, as well as 
significant chemical stability. Yet the low conductivity of this material is considered as 
an obstacle for high power applications. To alleviate this issue, doping the structure with 
transition metal ions has been suggested. For example, Ru-doped LiNi0.5Mn1.5O4 has 
been demonstrated to possess a capacity of 135 mAh/g at a discharge rate of 10 C, and a 
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capacity retention of 82.6% has been reported for it at the 500th cycle with charge and 
discharge rates of 10 C [12]. 
 Among the aforementioned cathode materials, MnO2 was chosen as the active 
material to be tested for high-power electrodes in this study. The main reasons for 
selecting this particular material are its relatively simple deposition process as compared 
to other alternatives and its successful demonstration as a microbattery cathode with 
ultrafast charge and discharge capabilities [13]. It is also an electrodepositable material, 
rendering it suitable for conformal deposition in a controlled fashion. 
5.2.2.2 Polyanionic Materials 
 Due to its low cost and high thermal stability, as well as eco-friendliness, 
LiFePO4 is a desirable polyanionic material for use in cathode applications. However, the 
drawbacks of this material are its relatively sluggish kinetics and its intrinsically low 




, which is several orders of magnitude lower than 
metal oxides. Hence, its operation at high rates results in significantly reduced capacities. 
In order to overcome the conductivity-related limitation, various methods have been 
proposed, which include doping the structure with metal, reducing the particle size, and 
coating the structure with conductive materials [12].  
 Coating or mixing the LiFePO4 structure with a conductive material, such as low 
concentrations of Cu and Ag metal powders, has been shown to increase the power 
density without affecting the structural integrity [14]. Coating LiFePO4 with carbon shells 
of 1-2 nm thickness has also been demonstrated as an effective way of increasing the 
power density, and a capacity of 90 mAh g
-1
 was obtained at a discharge rate of 60 C 
[15]. The cycling performance has also been shown to be outstanding where 5% capacity 
loss has been observed after 1100 charge and discharge cycles with a coulombic 
efficiency of approximately 100%. In another study, a nanocomposite made up of highly 
dispersed LiFePO4 nanoparticles in a nanoporous carbon matrix filled with liquid 
electrolyte yielded a capacity of 45 mAh g
-1
 at a rate of 230 C [16]. A significant increase 
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in the electrical conductivity has also been obtained through doping LiFePO4 with 











 [12, 17]. 
 The procedures (e.g., doping) described in the previous paragraphs, in which the 
polyanionic materials need to undergo to become suitable for high-power applications, 
render the overall fabrication process quite complicated. Also, these materials are hard to 
incorporate into the relatively complex 3D architectures in a conformal fashion. Even if a 
conformal coating is achieved, these materials possess relatively low specific energy, 
indicating that larger amounts of these materials and thus, multilayer structures with 
higher number of laminations would be required to enable high-power electrodes with 
high capacities (> 10 mAh).  
 
5.2.3 Electrolytes 
  As shown in Figure 5.2, there are also a wide variety of electrolytes that can be 
utilized in Li-ion batteries. Recently, several studies have focused on the development of 
solid-state electrolytes [3]. The primary motivation of these studies is to avoid the use of 
flammable, non-aqueous liquid electrolytes that pose the risk of potential explosion under 
certain conditions (e.g., high temperature due to internal and/or external factors) [3]. 
Solid-state electrolytes, however, are generally not suitable for high power applications 
due to their low ionic conductivities. As shown in Table 1.2 in Chapter 1, the ionic 
conductivity of liquid electrolytes is several orders of magnitude higher than that of their 
solid counterparts. In addition, achieving good contact between the solid-state electrolyte 
and the rather complex 3D electrode architectures can be quite challenging.  
 In order to minimize the limiting effects that might originate from the choice of 
electrolyte materials, liquid-state electrolytes with high ionic conductivities were 
preferred in this study and were also selected in previous studies involving high-power 
battery electrodes [11, 13]. The electrolyte used in the electrochemical characterization of 
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the fabricated Li-ion battery electrodes was prepared by adding 1 M lithium perchlorate 
(LiClO4) into a 1:1 mass ratio mixture of ethylene carbonate (EC) and dimethylene 




) of this solution is 
one of the highest among the electrolytes used in Li-ion batteries. Also, LiClO4 
reportedly exhibits a high anodic stability and forms relatively lower impedance solid-
electrolyte interphase (SEI). Moreover, it is relatively less hygroscopic and more stable to 
ambient moisture, rendering it easier to handle [18]. 
 
5.3 Fabrication of the Electrodes 
 As mentioned in the previous section, three different active materials were 
incorporated into the multilayer structures: MnO2 as the cathode active material, and NiO 
and NiSn as the anode active materials. Except for the case of NiSn electrodes, the 
current collector was fabricated the same way as for the Ni(OH)2 electrode that was 
thoroughly described in Chapter 4. Hence, the fabrication details will not be covered 
again in this chapter. The novel fabrication method used for the preparation of NiSn 
electrodes will be discussed here in more detail. 
 
 5.3.1 MnO2 Cathode 
 After the fabrication of the anchor-supported, multilayer Ni structures, the 
electrodeposition of MnO2 layer was performed in an aqueous solution consisting of 0.1 
M manganese acetate (Mn(CH3COO)2) and 0.1 M anhydrous sodium sulfate (Na2SO4), 
using a two-electrode cell configuration similar to the one described in Chapter 4.4.2 
where the multilayer structure and a platinum sheet were utilized as the working and the 
counter electrodes, respectively [19]. Through the use of a potentiostat (WaveDriver 10, 
Pine Instruments), cathodic potential pulses (ton = 1 s, toff = 9 s, 10% duty cycle) were 
applied to the electrode while the electrolyte solution was gently stirred.  
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 An SEM image showing the sidewall of the Ni layers following the active 
material deposition along with the x-ray photoelectron spectroscopy (XPS) spectrum of 
the active material is shown in Figure 5.3. The XPS spectrum was found to be in good 





Figure 5.3: (A) SEM image of the sidewall after MnO2 deposition, (B) XPS spectrum of 
the electrodeposited MnO2 film 
  
 Following the conformal electrodeposition of the MnO2 film, the sample was 
immersed in molten Li salts for the lithiation process. The molten salt was prepared by 
mixing finely ground 3:2 mole ratio of LiNO3 to LiOH in a glass vial and heating the 
mixture to 300 °C in an inert atmosphere oven. The sample was held at 300 °C for 1 hour 
and then cooled down to room temperature. After rinsing with DI water to remove the 











 To prevent MnO2 from being the rate-limiting electrode, a commercial graphite 
anode (Sony) with a capacity of at least five times greater than that of the cathode was 
utilized during the charge and discharge tests. 
 
5.3.2 NiO Anode 
 The fabrication process of the NiO electrodes is almost identical to the Ni(OH)2 
electrodes described in detail in Chapter 4.4.2. The only difference is the very last step 
where the calcination of Ni(OH)2 is performed.  
 Upon completion of the electrodeposition of a conformal Ni(OH)2 film onto the 
multilayer Ni backbone, the electrode was placed in the oven and heated in air from room 
temperature to 300 °C at a rate of 5 °C min
-1
. The sample was maintained at 300 °C for 
two hours, ensuring a complete conversion of Ni(OH)2 to NiO, and subsequently cooled 
to room temperature. No lithiation process was conducted before the characterization of 
the electrodes. Instead, a Li foil was utilized as the counter electrode during the 
performance tests. 
 
5.3.3 NiSn Anode 
 Initially, NiSn electrodes were fabricated the same way as the previously 
described electrodes, where the active material was electrodeposited onto the multilayer 
backbone structure. However, it was later determined that the NiSn deposits are 
compatible with the other metals, indicating that neither the Ni plating solution nor the 
Cu plating solution attacks the NiSn films during the sequential electroplating process. 
This material was also found to be resistant to the selective Cu etchant. Even after being 
in contact with the etchant for more than 24 hours, no dissolution was observed in the 
active material.  
 These findings promoted the development of a novel fabrication approach that 
involves a triple-bath plating setup as shown in Figure 5.4.A, in which the active material 
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was electrodeposited concurrently with the structural Ni layers and sacrificial Cu layers. 
The advantage of this triple-bath approach is that it significantly reduces the total 
fabrication time by eliminating the pulsed plating steps with long down times where the 





Figure 5.4: (A) Schematic of the triple plating setup utilized for the fabrication of NiSn 
electrodes, (B) electroplating sequence of the layers using the triple plating setup 
 
 The sequence of the layer deposition is schematically illustrated in Figure 5.4.B. 




5.1. This was followed by the electroplating of the structural Ni layer. Next, another NiSn 
layer was electroplated, sandwiching the Ni layer. Thereafter, the sacrificial Cu layer was 
electroplated and from this point on, the same deposition order was repeated until the 
multilayer structure with the desired number of layers was obtained. Upon deposition of 
the Ni anchors, the sacrificial Cu layers were completely removed as described in 
Chapter 2.3.1. 
 
Table 5.1: The composition of the NiSn electroplating bath [11] 
 
Compounds NiSn Electroplating Bath 
NiCl2 8 g 
SnCl2.2H2O 20 g 
K4P2O7 300 g 
KNaC4H4O6.4H2O 8 g 
Glycine 8 g 
DI water 1 L 
 
 A disadvantage of this approach is that smooth layers of NiSn could not be 
achieved especially if the thickness of the film is close to or exceeds 1 μm. Although a 
rough surface might be desirable as it increases the surface area, the pattern is transferred 
to the subsequent layers, and thus, the control over the dimensions of the layers can be 
lost. As a result, the thickness of the NiSn layers was confined to a maximum of several 
hundreds of nanometers. The optimum dimensions for the NiSn layers were found by the 
diffusion-limited models described in the following section. 
 The x-ray diffraction (XRD) pattern of the NiSn deposit is shown in Figure 5.5. It 
was found to be in good agreement with the literature [7, 20, 21]. To confirm that the 
composition of the active material did not change significantly throughout the fabrication 
process, the XRD patterns of the NiSn layers from the bottom portion of the multilayer 







Figure 5.5: (A) XRD pattern of the NiSn film, (B) SEM image showing the cross-
sectional view of the Ni layers sandwiched between the NiSn active material films 
 
5.4 Design and Modeling of the Electrodes 
 A detailed description of the modeling approach and the motivations were 
discussed in Chapter 4.2. The same principles used for modeling the Ni(OH)2 electrodes 
were applied to the Li-ion systems. By utilizing diffusion-limited models, the optimum 
dimensions for the deposited active material film on each layer of the metallic backbone, 
as well as the inter-layer spacing, were determined.  
 
5.4.1 Diffusion-Limited Model to Determine the Active Material Thickness 
 A one-dimensional (1D) spatial model for the Li
+
 diffusion was developed, 
considering an infinite plane sheet of thickness L with one side exposed to the electrolyte, 
while the other one is in contact with the current collector, as shown in Figure 5.6. This 
simple diffusion-limited model has proven quite useful in predicting the performance of 
Li-ion batteries [22, 23]. The model is based on the assumption that diffusion is the 
dominant mechanism for the transportation of the Li
+
 ions. Hence, the constant-current 
charge and discharge times are solely limited by the utilization of the active material; 









losses originating from the electrolyte and solid-electrolyte interphase (SEI) are 
neglected. It was also assumed that the ion and electron fluxes are uniformly distributed 




Figure 5.6: Electrode model assuming an infinitely wide plane sheet of thickness L 
  
 As will be discussed in section 5.5, the best performance in terms of power 
delivery was obtained from the NiSn anodes. Therefore, this particular material was taken 
as a basis when modeling the Li-ion diffusion within the active material. Since NiSn is a 
metallic alloy and thus, has a relatively high conductivity, the electric field in the anode 
during current flow is low. Following the aforementioned assumptions, the equation of 
continuity in one spatial dimension can be written as: 
 
    
  
   
     
   
    (5.3) 
 
where CLi and D are the concentration (mol cm
-3





of the Li ions in the active material, respectively. In general, D is a function of the 
temperature, the composition of the active material, as well as the concentration of the Li 
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ions. However, for the purposes of this model, D was assumed to be constant and uniform 
across the film thickness. Also, isothermal charge and discharge conditions were 
assumed. The value for D was taken from the literature which has been reported to be in 








 [24]. It will be shown later on in this section, the 
calculation of the optimum active material thickness is strongly dependent on the value 
selected for the diffusion coefficient. Therefore, the simulations were performed using 
both of the reported diffusion coefficient values to calculate a range for the optimum 
active material thickness.  
 The initial and boundary conditions for this model are given as: 
 
at t = 0:               (5.4) 
at x = 0:    
    
  
        (5.5) 
    at x = L:     




   
                 (5.6) 
 
where C0 is the initial Li concentration in the active material (mol cm
-3
), i is the charge or 
discharge current density (A cm
-2
), n is the valence number (1 for Li), and F is Faraday's 
constant (96485 C mol
-1
). 
 Since the charge and discharge experiments were performed galvanostatically, 
(i.e., at constant current), the flux at the electrode-electrolyte interface was assumed to be 
uniform and constant, as indicated in Equation 5.6. At the interface of the current 
collector and the active material, no mass transfer is taking place and hence, the flux 
equals zero. When modeling the charging process of the electrode (i.e. delithiation 
process), the Li concentration for the initial condition was determined by the saturation 
concentration of Li in NiSn active material, which depends on the Li storage capacity of 
Sn. For an intermetallic compound like NiSn, one of the metals (Ni) reportedly acts as an 
electrochemically inactive matrix to buffer the variations in the volume of the electrode 
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during the alloying process of Li with the other metal (Sn) [25]. Several Li:Sn ratios have 
been reported in the literature [26]. Although it does not affect the simulation results for 
the optimum active material thickness, for the sake of obtaining quantitative data, the 
smallest ratio of 0.4 was selected. Based on this ratio, an initial Li concentration of 
0.0192 mol cm
-3
 was calculated.  
 During the delithiation process, Li ions diffuse from the active material to the 
electrolyte, resulting in a concentration gradient that forms within the active material. 
This concentration gradient becomes more severe as the charge rate (i.e., current density) 
increases. If the rate is too high, it may not be possible for the Li ions to diffuse away 
from the active material in a desired duration of time. As an example, a charging duration 
of one minute (i.e., 60 C) was selected. The goal of the simulations was then to find the 
maximum thickness for the active material that allows the diffusion of all Li ions into the 
electrolyte in one minute.  
 The partial differential equation (PDE) given in Equation 5.3 was solved by finite 
element method (FEM). For this type of 1D parabolic PDE, Matlab's pdepe function was 
utilized (a detailed code can be found in Appendix.A). Starting with an active material 
thickness of 1 μm, the capacity of the active material was calculated along with the 
current density required to discharge the electrode in 60 seconds. Then, the simulations 
were performed using both the upper and lower limits on the diffusion coefficient, and 
the concentration profiles across the thickness of the active material were plotted as a 
function of time. Thereafter, the thickness was reduced and the same procedure was 
repeated for the reduced thickness value. The resultant profiles at each thickness for both 
diffusion coefficients are summarized in Table 5.2.A. The figure in Table 5.2.B shows 
the 2D concentration profile for the smaller diffusion coefficient at the 60
th
 second of the 
charging process for various NiSn film thicknesses. 
 The x, y, and z axes in the figures given in Table 5.2.A refer to the distance, time, 
and Li concentration, respectively. The profile at the zero distance indicates the 
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concentration of Li at the current collector-active material interface, where, at any given 
time after the start-up of the delithiation process, the highest Li concentration is observed. 
In the ideal case, a uniform Li distribution would be expected across the thickness of the 
active material, similar to the profile that is observed at the time zero (dark red line).  






), it can be seen that the 
concentration gradient across the film thickness does not change significantly throughout 
the duration of the delithiation process. For an active material thickness of 1 µm, a small 
gradient can be observed at the 60
th
 second (blue line) where the concentration of the Li 
drops slightly below zero at the electrode-electrolyte interface, indicating that some of the 
Li ions were not able to be transported to the electrolyte. Thus, the thickness of the active 
material must be reduced to be able to charge the electrode in 60 seconds. At thicknesses 
less than 0.8 µm, the concentration across the active material is zero and no concentration 
gradients are observed. This suggests that 0.8 µm is the maximum active material 
thickness for the electrodes that can be charged in 60 seconds, assuming that the diffusion 






 throughout the charging process. 






), much more 
severe concentration gradients are observed across the film thickness. These gradients at 
the electrode-active material interface almost completely disappear when the active 
material thickness is reduced to 0.2 µm or less. This is also illustrated in the figure shown 
in Table 5.2.B where the remaining Li
+
 concentration is plotted across the NiSn film with 
various thicknesses. As the active material thickness is increased, fewer Li
+
 ions can be 
transferred into the electrolyte in 60 seconds. The difference between the profiles 
obtained using the two different diffusion coefficients illustrates the strong impact that 




Table 5.2: Concentration profiles of Li within the NiSn active material as a function of 
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5.4.2 Diffusion-Limited Model to Determine the Inter-layer Distance 
 The second model that was developed to determine the optimum inter-layer 
spacing, Two-dimensional (2D) modeling of the Li ion distribution across the electrolyte 
located between two adjacent layers of the multilayer electrode was performed. This is 
illustrated in Figure 5.7, showing both the top view and side view of the electrode. The 




































channel in the side view. As mentioned in Chapter 4.2.2, this width is determined by the 
mask design used during the lithography process and its flexibility is rather limited due to 
fabrication-related constraints of the photoresist mold.  
 The height H is the distance between two adjacent layers. This dimension is solely 
determined by the electroplating conditions and thus, has much greater flexibility. By 
adjusting the thickness of the sacrificial Cu layers, the H dimension can be easily tailored. 
The focus of the model will be on determining the optimum height of these channels for a 
given width L of 300 μm, which is the smallest possible distance due fabrication-related 
constraints, as discussed in Chapters 2 and 4. In the previous chapter (Table 4.3), it was 
shown that increasing the width results in the reduced capacity of the electrode due to the 
decrease in the number of layers that can be deposited for a given total thickness. This 
same principle applies for the Li-ion batteries. Therefore, the optimum spacing H was 
first calculated for a width of 300 μm. In addition, the dependency of the optimum 




Figure 5.7: Model of the electrolyte between two adjacent layers of the multilayer 
electrode 
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 The assumptions made for the previous 1D model, including diffusion-limited 
transport, constant diffusion coefficient, and uniform distribution of ion fluxes at the 
electrode surface, also hold for this 2D model of the channel. Additionally, it was also 
assumed that the Li ion concentration within the etching holes is the same as the bulk 
electrolyte outside the electrode during the operation of the electrode. The equation of 
continuity for two spatial dimensions can be written as: 
 
    
  
    
     
   
 
     
   
     (5.7) 
 
 As mentioned earlier in this chapter, the electrolyte used in the electrochemical 
characterization tests was prepared by dissolving 1 M Li salt in an organic solvent 
consisting of an equal mass mixture of EC and DMC (see section 5.2.3). The reported 







which is several orders of magnitude higher than the active material modeled in the 
previous section [27]. This indicates that the diffusion is not as severe a limiting factor as 
in the case of the 1D model of the active material. 
 The initial and boundary conditions for this 2D model are given as: 
 
at t = 0:                  (5.8) 
at x = 0:                  (5.9) 
  at x = L:                    (5.10) 
     at y = 0:     




   
         (5.11) 
     at y = H:     




   
        (5.12) 
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where CLi,b is the concentration of the bulk electrolyte (1 M). During the lithiation 
process, the Li ions in the electrolyte diffuse into the active material in y direction as 
shown in Figure 5.7. These depleted ions are replenished by the Li ions diffusing into 
channel from the bulk electrolyte in x direction. The goal of this model was to find the 
minimum height of the channel that allows the replenishment of the Li ions consumed 
during the lithiation process of the active material at high rates (e.g., 60 C).  Minimizing 
the channel height is important as this will reduce the overall thickness of the structure 
and enable deposition of more layers, yielding electrodes with higher capacities for a 
given volume.  
 The necessary current to charge the active material located on the top and bottom 
portion of the channel (see Figure 5.7) was calculated from the thickness of the active 
material. As discussed in the previous section, the optimum thickness for the active 
material was calculated for two different diffusion coefficient values. When modeling the 
inter-layer spacing, to avoid any overestimation, the diffusion coefficient of the active 






), and hence, the 
active material thickness was assumed to be 0.2 μm. 
 Matlab's PDE toolbox was utilized to solve the PDE given in Equation 5.7 and 
plot the concentration profiles Li ions inside the channel as shown in Table 5.3. The x, y, 
and z axes in the figures shown in Table 5.3.A  refer to the width of the channel, height of 
the channel, and concentration of the Li ions within the channel, respectively. The plotted 
profiles were obtained at the end of the charging process (i.e., at 60
th
 second). Both 3D 
and 2D profiles are provided for various channel heights.  
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Table 5.3: Concentration profiles of the Li ions in the electrolyte located inside the 

















































 The same strategy as in the case of 1D model of the active material was followed, 
where the channel height was first set to 0.1 μm and then systematically increased by 0.1 
μm. As expected, the lowest concentration was observed in the center region of the 
channel (i.e., x = L/2). For channel heights smaller than 1.4 μm, the concentration of the 
Li ions in the center region was found to be below zero, indicating that the ions were not 
able to be replenished by the lateral diffusion from the bulk electrolyte. This value is 
significantly larger than what was calculated for the Ni(OH)2-based electrodes in the 
previous chapter. The primary reason for this difference is that the ion concentration in 
the KOH electrolyte for the Ni(OH)2-based electrode is six times as high as the Li ion 
concentration in the EC:DMC electrolyte. 
 
5.4.3 Performance Projections Based on the Diffusion-Limited Models  
 Based on the modeling results of the Li ions within the active material and the 
electrolyte provided in Tables 5.2 and 5.3, the optimum multilayer electrode that can be 
lithiated in 1 minute should feature a maximum NiSn thickness of 0.2 μm on each side of 
the layer, and the spacing between two adjacent active material films should be set to at 
least 1.4 μm with a 300 µm spacing between the etching holes. Such design is 
schematically illustrated in Figure 5.8. Therefore, the thickness of the sacrificial Cu 
layers should be set to 1.8 μm (1.4 μm + (2 x 0.2 μm)). The reasoning for selecting a 





Figure 5.8: Optimum dimensions for the NiSn film thickness and the inter-layer spacing 
for the multilayer electrode 
 
 According to the optimum characteristic dimensions provided in Figure 5.8 and 
the total thickness constraint of 300 μm, the multilayer electrode fabricated on a footprint 
of 1 cm
2
 should theoretically possess a total of 90 layers, which yields a total capacity of 
1.47 mAh. This value is lower than what was obtained for the previous Ni(OH)2-based 
electrodes under optimum conditions (i.e., 2.53 mAh), as a much higher number of layers 
(i.e., 153) were able to fit within the same mold volume in the previous case. Although a 
lower capacity is calculated for the current electrode, it corresponds to a higher energy 
density, since the operating potentials of the Li-ion electrodes is approximately more than 
twice as high as for the Ni(OH)2 chemistries. Therefore, for a given volume of the 
system, NiSn electrodes are theoretically more favorable in terms of the energy and 
power densities. 
 Optimum dimensions of the NiSn electrodes were also calculated for different 
values of L, as shown previously for Ni(OH)2-based electrodes in Chapter 4. Table 5.4 
summarizes the modeling results for various width values L from 100 μm to 1 mm. The 
second column in Table 5.4 shows the corresponding inter-layer spacing for the given 
widths. Unlike the previous case of the Ni(OH)2-based electrodes, varying width causes a 
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substantial change in the optimum inter-layer spacing. Increasing the width to 1 mm, for 
example, results in multilayer structures requiring a minimum inter-layer spacing of 
nearly 7 μm for complete ion diffusion. Reducing the width from 300 μm to 100 μm, on 
the other hand, causes the inter-layer spacing to drop from 1.45 μm to 0.18 μm. This also 
has a significant impact on the capacity, as the number of layers that can fit within a total 
thickness of 300 μm is profoundly increased from 89 to 144, which enables the capacity 
to increase from 1.47 to 1.90 mAh. 
 
Table 5.4: Impact of the width between the etching holes (i.e., L) on the other 





















100 0.18 400 1.28 144 1.90 
200 0.65 280 1.50 117 1.80 
300 1.45 220 1.60 89 1.47 
400 2.50 180 1.68 68 1.17 
500 3.63 150 1.73 54 0.96 
600 4.70 130 1.77 45 0.82 
1000 6.82 80 1.86 34 0.65 
 
 Figure 5.9 shows the areal capacity of the multilayer NiSn electrodes with a total 
thickness of 300 μm as a function of the distance (i.e., the width L) between the etching 
holes. It can be seen that the capacity is confined between two horizontal asymptotes. 
This figure indicates that the design of the etching holes can be quite critical in the case 
of NiSn electrodes, since the capacity may vary from approximately 0.6 to 2 mAh. In the 
case of Ni(OH)2-based electrodes, however, the difference between the maximum and 
minimum achievable theoretical capacity was around 0.6 μm. This is primarily because 
the OH
-
 concentration in the KOH electrolyte for the Ni(OH)2 electrodes is six times as 
high as the Li
+
 concentration in the EC:DMC electrolyte for the NiSn electrodes. 
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 From Table 5.4 and Figure 5.9, it can be concluded that while it is not worth the 
fabrication effort to reduce the width below 300 μm in the Ni(OH)2-based electrodes due 
to a negligible increase in the capacity, redesigning the NiSn electrodes by modifying the 
number of etching holes may have a significant impact on the capacity of these 
electrodes. However, in this study, the photoresist (AZ 125 nXT) used in the fabrication 
of the electrodes prohibited the closer spacing of the etching holes (see discussion in 
Chapter 2.2). Some potential techniques that may be examined to realize a denser array of 




Figure 5.9: Theoretical areal capacity of a 300-μm-thick NiSn electrode as a function of 
the distance between its etching holes 
 
 By fine-tuning the characteristic dimensions of the multilayer electrodes, it is 
possible to make projections regarding the performance of the electrodes. One of the 
performance criteria that may be essential for certain applications is the areal energy and 
power density of the electrodes. Although Ragone plots are commonly used to compare 
the energy storage systems based on their gravimetric energy and power density, for 
autonomous applications, as mentioned in Chapter 1.1, that have a limited space onboard 

























 One of the characteristic dimensions that can be fine-tuned is the thickness of the 
individual Ni layers. For the projections made in Table 5.4, the layer thickness was 
assumed to be 1.5 μm, which is an experimentally determined dimension, whose 
justification was made in the previous chapter. By reducing the Ni thickness further, it 
would be possible to fit more layers within a given total thickness of 300 μm and thus, 
increase the areal energy and power density. The projection can be seen in Figure 5.10, 
where the areal capacity is shown as a function of the thickness of the individual Ni 
layers. This projection is based on the width, active material thickness, and inter-layer 
spacing of 300 μm, 0.2 μm, and 1.45 μm, respectively. In theory, to maximize the areal 
energy density, Ni layers should be as thin as possible, so long as they maintain their 
mechanical integrity and allow the necessary electron transport to and from the active 




Figure 5.60: Theoretical areal capacity of a 300-μm-thick NiSn electrode as a function of 
the individual Ni layer thickness 
 
 Another critical parameter that can be fine-tuned is the thickness of the active 
material. For a given total thickness of 300 μm, increasing the thickness of the NiSn film 
can increase the areal energy density of the electrode because of the higher amount of the 
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seen in Figure 5.11, where the areal capacity is shown as a function of the NiSn 
thickness. For each thickness value of the active material, an optimum inter-layer spacing 
value was calculated using the aforementioned models. The width L and the individual Ni 




Figure 5.11: Theoretical areal capacity of a 300-μm-thick NiSn electrode as a function of 
the NiSn layer thickness 
 
 The drawback of increased NiSn film thickness, however, is the reduced power 
density due to longer diffusion and conduction path lengths for the ions and electrons, 
respectively. The impact of the active material thickness, along with the thickness of the 
individual Ni layers on the energy and power density of the electrode can be seen in 
Figures 5.12.A and 5.12.B, where the former is based on the mass of the electrode, 
whereas the latter is based on the total volume of the electrode. A detailed description 





























Figure 5.12: Theoretical power and energy density of the electrodes as a function of the 
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 The operating potential of the electrode was assumed to be 3.5 V for the 
calculation of the power and energy densities in Figure 5.12, which is more than twice as 
high as the Ni(OH)2 electrodes discussed in the previous chapter. These figures can prove 
quite useful when designing electrodes for special application areas. 
 As in the case of the Ni(OH)2 electrodes, the key to achieving electrodes with 
profoundly improved power densities is minimized active material film and Ni layer 
thicknesses. Reducing the thickness of the active material film by half (e.g., from 100 nm 
to 50 nm) results in nearly an order of magnitude increase in the power density of the 
electrode, whereas the forfeit in the energy density is not as significant.  
 
5.5 Performance Characterization of the Electrodes 
 The fabricated electrodes were characterized by charging and discharging under 
galvanostatic conditions at various rates, using a potentiostat (WaveDriver 10, Pine 
Instruments). All of the tests were performed in an argon-filled glove box using a two-
electrode cell setup. The electrodes were built on a footprint area of 1 cm
2
. Hence, the 
reported capacity values can be considered as areal capacities as well. 
 
5.5.1 MnO2 Electrodes 
 MnO2 electrodes based on a 100-layer Ni backbone were prepared and lithiated as 
described earlier in this chapter. When characterizing the electrodes, a commercial 
carbonaceous anode (Sony) was utilized as the counter electrode. A cut-off potential of 
1.8 V was selected for the discharge process.  
 Figure 5.13 shows the discharge profiles of the 100-layer electrode at 5 C 
following various charge rates. These discharge profiles were found to be in good 





Figure 5.13: Discharge profiles of the MnO2 electrode charged at various rates and 
discharged at 5 C 
 
 As in the case of Ni(OH)2-based electrodes discussed in Chapter 4, MnO2-based 
multilayer electrodes also demonstrated an outstanding performance in terms of capacity 
delivery at high rates. This particular electrode was able to deliver 83% of its 10 C 
capacity when charged at 60 C. After running more than 35 cycles at such high charge 
and discharge rates, no significant capacity degradation was observed in the electrode, 
indicating good cycling stability. 
 A drawback of working with cathode materials such as MnO2, however, is that 
they intrinsically possess low energy densities as compared to their anode counterparts, 
some of which reportedly exhibit an order of magnitude higher specific energy. 
Therefore, the demonstration of high power capabilities with relatively high capacities 
(>10 mAh) using cathode materials becomes quite challenging. Such capacities can only 
be achieved through electrodes with much higher number of laminations or stacks 























5.5.2 NiO Electrodes 
 Unlike the MnO2 electrodes, which underwent lithiation process prior to the 
electrochemical characterizations, NiO electrodes were tested against Li foils and thus, 
no further processing was required after the calcination of Ni(OH)2 electrodes. As shown 
in Figure 5.14.A, these materials exhibited rather high specific capacities when 
discharged at relatively low rates (0.1 C). A cut-off potential of 0.01 V was selected for 
the discharge process. In terms of both the specific capacity and the discharge rate, they 
were shown to be in good agreement with the previously reported NiO electrodes in the 
literature [29-31]. 
 Figure 5.14.B shows the cycling performance of a high-capacity NiO electrode 
based on a stack of three 90-layer structures. This stack of electrodes was charged at 
alternating rates of 1 C and 30 C, and discharged at a constant rate of 1 C. These 
electrodes demonstrated a significant high-power capability by delivering more than 50% 
of their 1 C capacity at rates as high as 30 C. However, large fluctuations were also 







Figure 5.14: (A) Lithiation profile of a NiO electrode at a rate of 0.1 C, (B) cycling 
performance of a NiO electrode consisting of a stack of three 90-layer structures 
 
 It was shown in Chapter 4 that Ni(OH)2 electrodes were able to demonstrate 
outstanding cycling stabilities even following more than 80 charge and discharge cycles 
at high rates. However, a similar performance was not observed in the case of NiO 
electrodes, even though they were fabricated in a similar fashion. This relatively poor 
cycling stability of NiO electrodes was postulated to originate from the calcination 
process of the multilayer electrodes coated with Ni(OH)2. As the temperature was 
increased to 300 ºC, some local deformations due to thermal stress may have taken place 
in the multilayer structures, limiting the accessible surface area and potentially 















































fluctuations shown in Figure 5.14.B. Also, the conversion of Ni(OH)2 to NiO may 
adversely affect the adhesion quality of the active material to the Ni backbone, resulting 
in disintegration of the NiO film during the charge and discharge cycles. This was 
partially confirmed during the characterization tests, where the NiO particles were 
observed to flake off the electrode to the bottom of the cell. A similar decay in the 
capacity following a number of cycles was also reported in the literature [31]. 
 Although higher energy densities can easily be achieved with the NiO-based 
electrodes due to their high specific capacity, their relatively poor performance in terms 
of cycling stability at high rates renders them unsuitable for the kind of applications 
considered herein. Nonetheless, these electrodes could still prove useful in primary 
battery applications or applications for which only a few charge and discharge cycles are 
required. 
 
5.5.3 NiSn Electrodes 
 The final type of electrodes that was characterized was based on NiSn active 
material. As in the case of the NiO electrodes, NiSn electrodes were characterized by 
using a Li foil as the counter electrode. The performance of the NiSn electrodes is 
summarized in Figure 5.15. 
Figure 5.15.A demonstrates the lithiation profile of a 90-layer NiSn electrode, 
discharged galvanostatically at 0.3 C until the cut-off potential of 0.01 V. This profile is 
consistent with the profiles of the NiSn electrodes reported previously in the literature 
[21, 32]. It can be noted that the specific capacity of the NiSn electrode is less than half 
of the NiO shown in Figure 5.15.A.  
However, in terms of capacity retention at high power, as well as cycling stability, 
a much better performance was obtained with the NiSn electrodes than with the NiO 
electrodes. This high performance is illustrated in Figure 5.15.B, showing the capacity of 
a 90-layer electrode as a function of cycle number. The electrode was charged at various 
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rates ranging from 1 C to 60 C, and discharged at a constant rate of 1 C. The sharp decay 
observed in the capacity immediately after the first cycle was also reported in previous 
studies [24, 25]. As is shown in Figure 5.15.B, the electrode was able to deliver more 
than 90% of its capacity even at high charging rates of 60 C.  
 Higher capacities were achieved by making stack of several simultaneously 
fabricated multilayer electrodes, as in the case of Ni(OH)2 and NiO electrodes. Figure 
5.15.C demonstrates the capacity of the stack of three 90-layer NiSn electrodes as a 
function of cycle number. These electrodes were charged at alternating rates of 1 C and 
30 C, and discharged at a constant rate of 1 C. No significant degradation was observed 
in the electrode following in excess of 35 charge and discharge cycles at high rates, 





Figure 5.15: Electrochemical characterization of the NiSn electrodes: (A) discharge 
profile of a 90-layer electrode at 1 C, (B) capacity of a 90-layer electrode charged at 
various rates and discharged at 1 C, and (C) stack of three 90-layer electrodes cycled by 







































































5.6 Modeling of the Fabricated Electrodes 
 To determine if the models are able to predict the experimental data successfully, 
electrodes were fabricated, which possess similar dimensions to the optimum electrodes 
found via diffusion-limited models described in the previous section. The experimental 
results obtained from these electrodes are demonstrated in Figure 5.15.B. According to 
these models, the optimum NiSn-based electrode built on a footprint of 1 cm
2
 with a total 
thickness of 300 µm, which can be charged in one minute with a negligible forfeit in its 
capacity, consists of 90 layers, and features an active material thickness and interlayer 
spacing of 0.2 µm and 1.4 µm, respectively. The theoretical capacity of such an electrode 
was found to be approximately 1.47 mAh, which is quite close to the experimental value 
of 1.65 mAh.  
 Figure 5.16 shows the comparison of the modeling and experimental results in 
terms of capacity retention. Since the electrodes are designed to deliver 100% of their 
capacity at charging rates of up to 60 C, a decrease in the capacity retention is not 




Figure 5.16: Theoretical capacity retention vs. experimental data of a 90-layer electrode 
































 Although the fabricated electrodes were shown to exhibit high capacity retention 
(~91%) when charged at rates as high as 60 C, the measured capacity retention is still less 
than what the model predicted. One potential cause for the deviations from the theoretical 
results at high charging rates may be a result of a non-uniform active material film 
thickness. The SEM image shown in Figure 5.5.B confirms the roughness of the NiSn 
deposits, which also affects the structural Ni layers by transferring the wavy patterns to 
the subsequently deposited layers. Unlike the relatively conformal Ni(OH)2 films 
demonstrated in the previous chapter, the SEM images of the sidewalls of the multilayer 
electrodes, indicate significant variations in the thickness of the NiSn film on each Ni 
layer ranging from 0.1 µm to 0.5 µm. Regions of the electrode with a thicker active 
material film are expected to require longer charge times.   
 Another possible reason for the deviations from the theoretical model may be 
related to the model assumption that the diffusion coefficient is constant throughout the 
charging process. It is well known that the diffusivity is also a function of the state of 
charge (i.e., amount of Li ions within the active material) of the electrode, which is not 
taken into account when modeling the optimum electrodes for Li-ion batteries. It was 
shown in Table 5.2 that even an order of magnitude change in the diffusion coefficient 
has a substantial impact on the optimum dimensions of the electrode. As the Li ion 
concentration within the active material increases, the diffusion coefficient is ideally 
expected to decrease. Therefore, an accurate knowledge of the diffusion coefficient is a 
necessity for a successful model. 
 
5.7 Conclusions 
 This chapter described the design, fabrication, and characterization of MEMS-
enabled electrodes with high-power capabilities utilized in Li-ion batteries. The active 
materials that were investigated include MnO2, NiO, and NiSn. These materials were 
successfully incorporated into the anchor-supported, metallic multilayer structures and 
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demonstrated high performance in terms of power delivery at high charge rates. Among 
the tested materials, NiSn was found to be the most promising candidate for use in Li-ion 
batteries due to its high capacity retention at high charging rates, as well as outstanding 
cycling stability. 
 In this chapter, a novel multilayer fabrication approach was introduced that was 
not reported previously. This fabrication approach is based on a triple-bath robotic 
electroplating setup, enabling the concurrent electrodeposition of the active material 
(NiSn) along with the structural Ni layers and sacrificial Cu layers. As a result, the total 
fabrication duration was significantly reduced by eliminating the need for the processing 
step which involves the electrodeposition of the active material. This approach also 
ensured the formation of a relatively conformal active material film on each Ni layer, 
which otherwise would have to be realized via relatively complicated pulse plating 
techniques. 
 Diffusion-limited models that were introduced in the previous chapter have also 
been utilized in this chapter to optimize the liquid- and solid-state ion transport path 
lengths for the electrodes with high-power capabilities by determining the optimum 
active material thickness, as well as the inter-layer spacing within the multilayer 
electrode. The models were used to make projections about the performance of the ideal 
electrodes. It was concluded that to realize electrodes with high power density, the 
number of layers in a given volume of the multilayer structure should be maximized, 
which can be achieved by minimizing both the individual backbone layer thickness and 
the active material film thickness, as well as the gap between the adjacent etching holes.  
 The projected capacity for an electrode with a total thickness of 300 µm was 
found to be in good agreement with the experimental values. However, the experimental 
data showed some deviations from the predicted values in terms of the capacity delivery 
at high charge rates, which were postulated to originate from the assumptions of smooth 
active material films and constant diffusion coefficients throughout the charging process. 
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Nevertheless, the models can still be used as an approximation for designing the 
electrodes.    
 The Ragone plots shown in Figures 5.17 and 5.18 help visualize the contributions 
provided by the NiSn electrodes reported in this chapter in terms of gravimetric and 
volumetric power and energy densities, respectively. These values for a 90-layer 
electrode were calculated from both experimental and theoretical data, and compared to 
the existing energy storage systems shown in Figures 5.17 and 5.18. The points A and B 
in these two figures refer to the performance values of the current fabricated and modeled 
electrodes, respectively. The latter electrode features a Ni layer thickness of 0.1 µm, a 
NiSn film thickness of 0.1 µm, an inter-layer spacing of 2.1 µm, and a total thickness of 
300 µm. As in the case of the Ni(OH)2 electrodes, both experimentally and theoretically, 
a much more significant contribution is demonstrated in terms of the volumetric power 
and energy densities, as can be seen from Figure 5.18. This suggests that the approaches 





Figure 5.17: Ragone plot comparing the gravimetric power and energy densities of a 90-
layer NiSn electrode (point A) and the modeled electrode with the optimized dimensions 




Figure 5.18: Ragone plot comparing the volumetric power and energy densities of a 90-
layer NiSn electrode (point A) and the modeled electrode with the optimized dimensions 
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MEMS-ENABLED ELECTROCHEMICAL CAPACITORS 
6.1 Background and Motivation 
 In addition to the batteries reported thus far in this work, the rationally designed 
and deterministically engineered, MEMS-enabled, 3D structures, including both lateral 
and vertical high-aspect-ratio architectures, were also utilized as current collectors for 
electrochemical capacitors. The resultant electrochemical capacitors were designed to 
exhibit battery-like performance by delivering significant amount of energy without 
compromising their high-power capabilities.  
 As described in the first chapter, capacitors can be distinguished by their charge 
storage mechanisms, leading to 3 major classes of capacitors: (1) conventional 
electrostatic capacitors that solely rely on the accumulation of the opposite charges on the 
surfaces of two electrodes sandwiching a dielectric material, (2) electrolytic capacitors 
utilizing an electrolyte between the dielectric material and the electrode, and (3) 
electrochemical capacitors (also called electric double-layer capacitors, supercapacitors, 
or ultracapacitors) that rely on double-layer capacitance and/or pseudocapacitance 
phenomena. The focus in this chapter will be on the electrochemical capacitors only. 
 Electrochemical capacitors are high-power energy storage devices that narrow the 
application gap between conventional electrostatic capacitors and batteries, as shown in 
the Ragone plot (Figure 1.1). Similar to their electrostatic counterparts, they exhibit rapid 
charge and discharge capabilities, as well as a high degree of reversibility in repetitive 
charge/discharge cycles. They also possess the ability to store substantially more energy 
per unit mass or volume than the electrostatic capacitors. Because of these attributes, 
electrochemical capacitors are recognized as promising next-generation energy storage 
devices and have been widely utilized in various applications ranging from portable 
electronic devices, as well as autonomous microsystems, to electrical vehicles [1].  
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 Energy storage in electrochemical capacitors relies on two mechanisms: (1) 
energy is electrostatically stored via separated charges in a Helmholtz double-layer that 
forms at the interface between a conductive electrode surface and an electrolyte; and (2) 
energy is electrochemically stored via a phenomenon called pseudocapacitance which 
involves reversible Faradaic charge transfer between the surface of the electrode and the 
electrolyte. Faradaic charge transfer in the pseudocapacitive materials can further be 
classified in three categories: (1) reversible surface adsorption of H
+
 or metal ions from 
the electrolyte; (2) redox reactions that involve the ions in the electrolyte; and (3) 
reversible intercalation/deintercalation in polymers [2]. The former two are primarily 
surface reactions and thus, they mainly rely on surface area, whereas the latter one is 
more of a bulk process and less dependent on the surface area. Depending on the type of 
the electrode, either the first or both of the charge storage mechanisms can be observed in 













All of the aforementioned charge storage mechanisms take place within the 
electrical double layer on the electrode surface, which is shown in Figure 6.1 [3]. The 
solution side of the double layer consists of two layers. The innermost one that is closest 
to the electrode is called Helmholtz layer. This layer contains the solvent molecules and 
on some occasions, specifically adsorbed ions which contribute to the pseudocapacitance 
of the electrode. The plane that crosses the centers of the specifically adsorbed ions is 
called the inner Helmholtz plane (IHP).  
As shown in Figure 6.1, solvated ions can only approach the electrode to a certain 
distance. These ions can only undergo electrostatic interactions with the electrode and 
hence, they are defined as nonspecifically adsorbed ions [3]. The plane that crosses the 
centers of these nearest solvated ions is called outer Helmholtz plane (OHP). The 
outermost layer that extends from the OHP into the bulk electrolyte is called diffuse layer 
where the nonspecifically adsorbed ions are distributed.      
 In recent years, considerable effort has been devoted to the development of 
electrochemical capacitors and significant improvements have been achieved through 
developing new active materials, altering the morphology of the existing materials, and 
implementing high-surface-area structures that serve as current collectors utilizing thin 
films of the existing materials [1].  
 The classification of the electrochemical capacitors can be performed based on 
various criteria including the active material, type of the electrolyte, and cell design [4]. 
The cell design is not the main concern for this study. Therefore, the focus herein will be 
on the former two.  
 
6.1.1 Classes of Electrodes 
 There are three main types of active materials associated with electrochemical 
capacitor electrodes: (1) carbon-based, (2) polymer-based, and (3) metal-oxide based 
materials. 
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6.1.1.1 Carbon-based Electrochemical Capacitors 
 Carbon has been reported to be the most commonly used material for electrodes 
and most of the commercially available electrochemical capacitors today are carbon-
based [5]. The reasons behind the frequent usage of carbon are its cost-effectiveness, 
abundance, ease of processing, chemical stability, high specific surface area, wide range 
of operating temperature, and good electronic conductivity [6]. The predominant energy 
storage mechanism in carbon-based electrodes involves the charges stored within an 
electrochemical double-layer that forms at the interface between the electrode and the 
electrolyte, rather than charges delivered to the bulk material [1]. Some contribution from 
the surface functional groups on activated carbons can also be observed which results in a 
5-10% increase in the total capacitance. Hence, the key element that determines the 
capacitance (i.e., the energy) of the electrode in this particular type of electrochemical 
capacitors is the specific surface area. In addition, the pore-size distribution is also a 
similarly vital feature of the carbon electrodes, as the size of the pores plays an important 
role in determining the accessible surface area of the electrode for the ions in the 
electrolyte. High-surface-area structures made of carbon in the form of powders, fibers, 





[7]. Specific capacitance values ranging from 10 to 160 F g
-1
 have been enabled by 
using organic electrolytes [7]. Switching to aqueous electrolytes resulted in an increase in 
the specific capacitance up to 208 F g
-1
 [6]. Carbon-based electrochemical capacitors 
along with other types of electrodes with notable capacitances are tabulated in Table 6.1. 
6.1.1.2 Polymer-based Electrochemical Capacitors 
 Considerable research has been conducted regarding the use of electronically 
conductive polymers as electrodes for electrochemical capacitors [1]. Some of the most 
commonly used polymers for electrochemical capacitor applications include polyaniline 
(PANI), polythiophene (PTh), polypyrrol (PPy) and their derivatives [1].  The energy 
storage mechanism in polymer-based capacitors primarily relies on the 
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pseudocapacitance of the electronically conductive polymer electrode, which stems from 
the fast reversible oxidation and reduction processes involving π-conjugated polymer 
chains [6, 8]. During the oxidation process, doping of the ions into the polymer backbone 
takes place and during the reduction, the ions are released back into the electrolyte [9]. 
Hence, unlike the other types of electrochemical capacitor electrodes, the charging and 
discharging occur throughout the bulk volume of the polymer film, rather than on the 
surface. This enables high levels of specific capacitance as shown in Table 6.1. The main 
shortcoming of this mechanism, however, is the volumetric changes that occur in the 
polymer electrodes during the doping and release processes of the ions which leads to 
poor cycling stability [10]. To mitigate the stability issue and also to further improve the 
specific capacitance, hybridized electrode configurations and composite electrodes have 
also been utilized [1]. Table 6.1 summarizes some of the polymer-based electrodes with 
distinguished performances. 
6.1.1.3 Metal oxide-based Electrochemical Capacitors 
 Metal oxides are advantageous over the previously mentioned types of electrode 
materials since they offer higher energy density and better electrochemical stability than 
the carbon-based and polymer-based electrodes, respectively. Intrinsically, metal oxides 
possess high specific capacitance. This high specific capacitance stems from the fact that 
the charge storage mechanism in metal oxides does not only rely on electrochemical 
double-layer, but also on the reversible Faradaic reactions between the electrode 
materials and ions within a certain potential range [1]. In order for a metal oxide to serve 
as an electrode, three requirements need to be met: (1) the metal oxide must be 
electronically conductive; (2) the metal should exhibit at least two oxidation states and 
these states should coexist within the potential range of the electrolyte without any phase 
change comprising irreversible modifications of the electrode morphology; and (3) the 
metal oxide lattice should be able to undergo intercalation and deintercalation of H
+
 






 [1]. Most commonly studied metal oxides to date 
include ruthenium oxide (RuO2), manganese oxide (MnO2), nickel oxide (NiO/Ni(OH)2), 
cobalt oxide (Co3O4/Co(OH)2), vanadium oxide (V2O5), and their composites. Some of 
the metal oxide-based electrodes with remarkable specific capacitance are listed in Table 
6.1.  
 



















Aqueous 0.8 130 [11] 
Carbon aerogels Organic 3.0 160 [12] 
C60-loaded AC 
fiber 
Aqueous 1.0 172 [13] 
Mesoporous 
carbon 
Aqueous 0.9 180 [14] 
AC fiber cloth Aqueous 1.0 208 [15] 
Polymer-
based 
Ppy-MCNTs Aqueous 1.0 427 [16] 
Ppy-65 wt% 
carbon 
Aqueous 1.0 433 [17] 
Ppy-MnO2 Aqueous 1.0 620 [18] 
PANI-Ti Aqueous 1.0 740 [19] 






Aqueous 1.0 569 [21] 
Ni(OH)2 Aqueous 0.8 578 [22] 
RuO2 Aqueous 1.0 650 [23] 
RuO2/carbon Aqueous 0.8 1000 [24] 
Amorphous 
Ru1-yCryO2/TiO2 
Aqueous 0.9 1272 [25] 
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6.1.2 Classes of Electrolytes 
 There are three major classes of electrolytes used in electrochemical capacitors: 
(1) aqueous electrolytes, (2) organic electrolytes, and (3) ionic liquids.  
6.1.2.1 Aqueous Electrolytes 
 Aqueous electrolytes are one of the most commonly used class of electrolytes for 
electrochemical capacitors. One reason for the widespread use of these electrolytes is that 
they enable higher capacitance than the organic electrolytes which is speculated to result 
from the possibility of higher ionic concentrations and smaller ionic radii of the ions [1]. 
Higher concentration and smaller ion radius lead to higher number of ions per given 
electrode surface area and thus, more charge storage on the electrode surface. Another 
advantage associated with the aqueous electrolytes is the ease of handling when 
compared to organic electrolytes, which require processing under strictly controlled 
ambient conditions. In addition, aqueous materials are composed of relatively 
inexpensive compounds, resulting in a reduction of the total fabrication cost.  Some 
examples of most commonly used aqueous electrolytes include potassium hydroxide 
(KOH), sodium hydroxide (NaOH), sulfuric acid (H2SO4), and sodium sulfate (Na2SO4). 
 The main disadvantage associated with aqueous electrolytes is the narrow 
operation voltage window. The potential range is mainly determined by the 
thermodynamic stability of the electrolyte (i.e., the electrolysis potential in the case of 
aqueous electrolytes is ~1.2 V). This value corresponds to less than half of the applicable 
potential in the case of organic electrolytes. While capacitance is an important factor 
determining the amount of stored energy (E) in the electrochemical capacitor, it is also 
known that the energy and power (P) of an electrochemical capacitor is proportional to 
the square of the potential built up across the electrodes of the cell as shown in Equations 
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where C, V, and Rs stand for capacitance, potential, and equivalent inner resistance of the 
electrochemical capacitor, respectively [1]. These equations confirm that the potential can 
be a significant limitation for aqueous electrolytes in terms of enhanced energy and 
power density. Therefore, the use of organic electrolytes has been encountered explored 
recently in studies comprising electrochemical capacitors with high energy densities [1]. 
6.1.2.2 Organic Electrolytes 
 Organic electrolytes are another frequently used class of electrolytes found in 
commercial electrochemical capacitors. The main advantage associated with the organic 
electrolytes is their higher achievable potential. This potential can be as high as 3.5 V, 
which is nearly three times time potential enabled by the aqueous electrolytes [1]. As can 
be deduced from Equation 6.1, a three-fold increase in the potential enables a nine-fold 
increase in the energy density. Therefore, organic electrolytes are generally preferred for 
high energy applications. However, the electrical resistivity of the organic electrolytes is 
at least an order of magnitude higher than the aqueous ones, resulting in higher internal 
resistance and thus, limited power capability as can be seen in Equation 6.2 [5]. Also, 
some of the organic electrolytes contain toxic, flammable, and relatively expensive 
solvents such as acetonitrile and tetrahydrofuran, limiting their use for certain 
applications. 
6.1.2.3 Ionic Liquids 
 Another class of electrolytes that has recently attracted attention for 
electrochemical capacitors is ionic liquids, which can be defined as salts that are in the 
liquid state at temperatures below 100 °C, or even at room temperatures [1]. They have 
been reported to have a wide range of thermodynamic stability potential, which can be as 
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high as 6 V, rendering them as promising candidates for high energy applications [1]. 
However, some fundamental electrochemical aspects pertaining to energy storage 
mechanism of ionic liquids are yet to be understood in more detail [26]. Hence, their 
usage in electrochemical capacitors is quite limited. Some of the ionic liquids studied for 
electrochemical capacitor applications include imidazolium, pyrrolidinium, and aliphatic 
quaternary ammonium salts. 
 
6.2 NiO- and Ni(OH)2-based Electrodes 
 Thin and conformal deposition of the active material onto the rather complex 3D 
backbone structures is an essential part of the fabrication process of electrochemical 
energy storage systems because of the aforementioned reasons pertaining to resistances 
encountered during diffusion and conduction processes. Recent advances in deposition 
technologies offered subtle techniques to mitigate the conformal coating issues. 
Sputtering and evaporation have been shown to yield excellent coverage on 2D 
structures, yet they fail to demonstrate the same capability on 3D architectures. Chemical 
vapor deposition (CVD) offers a better conformality in 3D geometries, but even better 
results have been obtained via atomic layer deposition (ALD).  
 ALD is one of the most advanced techniques for conformal deposition and 
frequently used to achieve conformal coatings of the active materials. However, there are 
some shortcomings of this technique such as its high capital cost, slow throughput, and 
more importantly, lack of necessary precursors to deposit the desired material. Therefore, 
the focus in this study has been on electrochemical deposition. This choice of deposition 
technique automatically eliminates the utilization of most of the carbon-based and 
polymer-based electrode materials. Hence, metal oxides have become the material of 
interest for the fabrication of the MEMS-enabled electrodes.  
 Among the numerous metal oxides, Ni(OH)2 was selected as a well-studied 
example of active material for electrochemical capacitor applications. Factors such as its 
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high theoretical specific capacitance, cost-effectiveness, easy synthesis, well-defined 
electrochemical redox activity, environmentally benign nature, and availability in various 
morphologies have rendered Ni(OH)2 a promising candidate for electrochemical 
capacitor applications. In addition to these factors, our capability of incorporating 
Ni(OH)2 in the battery electrodes as demonstrated in Chapter 4, has also played an 
important role in selecting this particular chemistry.  
 There are numerous studies in the literature involving Ni(OH)2-based 
electrochemical capacitors [22, 27-37]. Some of these studies are summarized in Table 
6.2. Chemical precipitation and electrodeposition are two most-commonly used 
techniques to deposit Ni(OH)2. However, the latter method provides better control over 
the dimensions of the deposits. Therefore, electrodeposition was preferred for the 
deposition of the active material. The exact same technique as described in Chapter 4.4 
was utilized to deposit the Ni(OH)2 and the reasons behind this choice can be found in the 
same chapter.  
 Another common metal oxide possessing pseudocapacitive properties is nickel 
oxide (NiO) and studies comprising electrochemical capacitors based on this material are 
summarized in Table 6.3. NiO can simply be obtained by calcination of Ni(OH)2 at high 
temperatures following the reaction given in Equation 6.3. Since the conversion from 
Ni(OH)2 to NiO is simple, it was also tested as an active material in this study. 
 
                     (6.3) 
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6.3 Fabrication of the Electrodes 
 Two different approaches involving multilayer structures have been adopted for 
the fabrication of MEMS-enabled electrochemical capacitors: (1) structures in the form 
of lateral high-aspect-ratio parallel plates similar to the ones demonstrated as battery 
electrodes in the previous chapters; and (2) structures in the form of vertical high-aspect-
ratio concentric cylinders. For the former one, Ni(OH)2 was utilized as the active material 
whereas the latter one involves NiO-based electrochemical systems. 
 
6.3.1 Lateral high-aspect-ratio parallel plates 
 The fabrication process for the lateral high-aspect-ratio current collectors can be 
seen in Figure 6.2. The only part that differs from the previous process described in 




Figure 6.2: Fabrication sequence for the lateral high-aspect-ratio parallel plate current 
collectors: (1) deposition of the photoresist molds, (2) robotically-assisted sequential 
electroplating of Cu and Ni layers, (3) deposition of the second photoresist mold, and (4) 
electroplating of the Cu anchors along with the connection pad and selective removal of 
the Ni layers 
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 Following the electroplating of the Cu anchors onto the specific regions of the 
multilayer structure, Ni layers were etched electrochemically by use of the corrosion 
potential difference between Cu and Ni in 0.1 M H2SO4 solution as described in Chapter 
2.3.2, leaving a Cu backbone behind. An optical image of the Cu current collector can be 
seen in Figure 6.3. The primary reason for fabricating Cu-based current collectors instead 
of Ni as before was to demonstrate the capability of etching Ni selectively over Cu. 
Additionally, the surface area of the Cu structures was able to be measured by utilizing 
the underpotential deposition (UPD) of thallium (Tl), which was also briefly mentioned 




Figure 6.3: Top view of a multilayer Cu current collector 
 
6.3.1.1 Surface Area Characterization 
 To determine the electrochemically accessible surface area of the resultant 
multilayer Cu structures, UPD was utilized as a cost-effective and relatively fast 
characterization technique. To our knowledge, this is the first utilization of this technique 
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for the measurement of the surface area of relatively complex, 3D Cu electrodes. UPD 
enables a precise and reproducible surface area modification through formation of a 
monolayer on the electrode surface using the cations in specific electrolytes [49]. This 
phenomenon is only possible when there is a potential difference between bulk deposition 
and deposition of the first monolayer on the substrate. For the study reported herein, the 
formation of a Tl monolayer was selected as a probe of the electrochemically accessible 
surface area of the multilayer Cu current collectors [50-52].  
 To form a Tl monolayer, the potential of the Cu electrode was set to a value 
slightly greater than the potential for the bulk Tl deposition. After the monolayer 
formation, the potential was increased to a value anodic of the UPD process to 
oxidatively strip the Tl monolayer from the surface of the Cu electrode. During this 
stripping process, the charge transfer was carefully monitored and recorded. Since the 
amount of the charge transferred is proportional to the number of Tl atoms removed from 
the surface of the electrode, the surface area was able to be determined easily.     
 To validate the use of the UPD application to determine the electrochemically 
accessible surface area, a polycrystalline Cu electrode with known surface area of 0.25 
cm
2
 was prepared by sputter deposition and tested in a solution made up of 0.5 M sodium 
sulfate (Na2SO4) and 2.5 mM thallium sulfate (Tl2SO4). The tests involved running a 
cyclic voltammetry (CV) scan in a three-electrode-cell configuration where Pt and 
Ag/AgCl were utilized as counter and reference electrodes, respectively. The CV profile 
of Tl on the Cu electrode is presented in Figure 6.4.A. The point c1 (-0.50 V) can be 
noticed which refers to a reduction peak associated with the Tl monolayer formation. 
This is in good agreement with the previously reported value of -0.49 V [51]. The anodic 
peak at a1 (-0.44 V) refers to the desorption of the Tl monolayer from the surface of the 
Cu electrode. Bulk deposition of Tl, on the other hand, initiates after the second cathodic 




Figure 6.4: CV profiles of Tl on Cu and Ni electrodes: (A) comparison of the Cu and Ni 
electrodes of the same surface area and (B) enlarged view of the Ni electrode only 
 
 Once the CV tests on the Cu electrode were completed, a Ni electrode was 
prepared by electroplating a 0.5-μm-thick Ni film on the Cu electrode with the same 
dimensions and surface area of 0.25 cm
2
. The same CV tests were repeated for the Ni 
electrode and as can be seen in Figure 6.4.A, as well as in the enlarged profile of the Ni 
electrode in Figure 6.4.B, no corresponding current peak for the formation of the Tl 
monolayer was observed in the given potential range. This finding indicates that if 
residual Ni is left in the multilayer 3D structure because of incomplete etching, it will not 
interfere with the surface area measurements of the Cu structure. 
 To further confirm that the UPD of Tl on the Cu surface occurs at the first 
cathodic peak, c1, several chronoamperometric experiments were carried out. First, the 
potential of the Cu electrode was first set to -0.65 V for 30 seconds and then increased to 
-0.4 V. The amount of charge transferred during this potential increase was estimated by 
integrating the area under the chronoamperometric curve. It was calculated to be 111 μC 
cm
-2






































the literature, necessary to form a monolayer of Tl on a polycrystalline Cu electrode 
surface [51]. Then, the time for the applied potential of -0.65 V was increased from 30 to 
120 seconds and no significant change was recorded in the quantity of the stripped 
charge. This was an indication that 30 seconds is sufficient to form a Tl monolayer on the 
polycrystalline Cu surface. It also supported that no bulk deposition of Tl took place at 
that potential, which otherwise would have led to an increase in the quantity of the 
stripped charge, since the amount would be proportional to the duration of the applied 
potential. However, when the applied potential was brought to below the second cathodic 
peak c2 even for a very short amount of time (e.g., 10 seconds), a drastic increase was 
observed in the quantity of the stripped charge, suggesting bulk deposition. 
 Another validation experiment was sought to determine the change in the 
effective surface area of the electrode without modifying its geometric area. This was 
done by thickening the sputter-deposited Cu electrodes through electroplating of 
additional 1-μm-thick Cu film, which increased the surface roughness. To have a better 
representation of the actual multilayer Cu electrodes, the same electroplating conditions 
and setups were utilized for the electrodeposition of that additional Cu layer. After 
repeating the same UPD experiments for these electrodes, an average total charge density 
of 132 μC cm
-2
 was determined. A surface roughness factor of 1.18 was found by 
dividing 132 μC cm
-2
 by the theoretical value associated with the formation of a Tl 
monolayer on a polycrystalline Cu surface (112 μC cm
-2
). 
 One last set of experiments was performed to check whether UPD could reflect 
the change in the surface area of the electrode appropriately. Three more Cu electrodes 
with varying surface areas of 0.50, 1.00, and 1.25 cm
2
 were fabricated in the same 
fashion as the aforementioned one with the surface area of 0.25 cm
2
. The same UPD 
experiments were conducted using all of the electrodes, and the amount of the total 
charge stripped from each one was plotted with respect to the surface area of the 
electrodes. The schematic illustration of the electrodes, as well as the resulting calibration 
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plot can be seen in Figure 6.5.A and 6.5.B, respectively. A linear relationship was 
observed between the surface area and the amount of charge stripped, supporting the 





Figure 6.5: (A) Schematic illustration of the electrodes with various surface areas used in 
the UPD calibration experiments and (B) calibration plot showing the total charge 






























 Following the fabrication of a 25-layer Cu current collector, UPD experiments 
were performed to determine the total accessible surface area of this structure. After three 
consecutive UPD runs, an average total charge of 5527 µC was measured for the anodic 
stripping of the Tl monolayer. Dividing by the charge density required to remove a 
complete Tl monolayer (112 µC cm
-2
), the effective surface area was calculated to be 
49.3 cm
2
. By design, one side of each layer of the laminated current collector has a 
geometric surface area of 0.8 cm
2
. Considering that 25 layers have both their top and 
bottom sides exposed following the complete removal of the Ni layers, the total 
theoretical exposed surface area of a 25-layer Cu current collector equals 40 cm
2
 (25 x 2 
x 0.8 cm
2
), neglecting the area of the several-µm-thick side walls. Assuming that the 
surface roughness factor of 1.18 obtained on the test electrodes used for the calibration of 
the UPD method is a reliable estimate of the roughness on each layer in the multilayer Cu 
structure, then the predicted effective surface area becomes 47.2 cm
2
. If this assumption 
holds, the difference between the measured and calculated surface area of 2.1 cm
2
 most 
likely results from the surface area of the anchors and the sidewalls of each layer on the 
perimeter, as well as inside the etching holes.  
6.3.1.2 Active Material Deposition 
 The final step in the fabrication process of the electrodes involves the 
electrodeposition of the Ni(OH)2 film onto the 3D Cu current collector. The details of this 
active material deposition can be found in Chapter 4. However, it was observed that the 
adhesion between Cu and Ni(OH)2 was not as strong as the adhesion between Ni and 
Ni(OH)2. Achieving a conformal coating of the active material on the Cu surface was 
found to be quite challenging. Also, the active material was observed to flake off over the 
course of the performance tests.  
 To avoid these issues, a thin layer of Ni was electroplated onto the Cu current 
collector prior to the deposition of the active material. This Ni film not only provided 
better adhesion and thus, better cycling stability for the Ni(OH)2, but also prevented the 
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Cu backbone from exposure to the alkaline electrolyte, inhibiting potential side reactions 
and electrode degradation. For the confirmation of the maximum and conformal surface 
coverage after each deposition step, cyclic voltammetry (CV) analysis was performed 
using a three-electrode-cell configuration in a 1 M KOH solution. Pt and Ag/AgCl were 
used as counter and reference electrodes, respectively, and the CV runs were performed 
at a scan rate of 10 mV s
-1






Figure 6.6: CV profiles of the electrodes in 1 M KOH solution: (A) bare Cu electrode, 
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 Figure 6.6 illustrates the CV profiles of the blank electrode (Cu only), Ni-coated 
electrode, and the final electrode after Ni(OH)2 deposition. A significant shift in the 
anodic and cathodic peaks was observed following the Ni electroplating onto the bare Cu 
electrode, indicating a predominant existence of the Ni coating. Similarly, Ni(OH)2 





Figure 6.7: Cross-sectional view of a Cu layer sandwiched between Ni/Ni(OH)2 films 
 
 The conformal coating of the Ni and Ni(OH)2 layers was also confirmed visually 
by taking the SEM images of the cross-section of the multilayer electrode. To achieve 
this, the electrode was partially immersed in concentrated HNO3 solution for a couple of 
seconds. The cross-sectional view of a Cu layer with a thin film of Ni/Ni(OH)2 on both 
sides can be seen in Figure 6.7. Unlike battery applications described in Chapters 3, 4, 
and 5, only a thin layer of the active material is desired for supercapacitor electrodes. 
Figure 6.7 shows that a thin and conformal layer of approximately 0.1 μm was 
electrodeposited onto the individual layers of the multilayer, Ni-coated Cu backbone.  
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6.3.1 Vertical High-Aspect-Ratio Concentric Cylinders 
 The conceptual rendering of the fabrication process for the vertical high-aspect-
ratio concentric cylinder electrodes is illustrated in Figure 6.8 [53]. The process, along 
with its benefits was briefly explained in Chapter 2.12. Here, more details will be given 
concerning the preparation of the SU-8 pillars, as well as both the mechanical and 
chemical etching processes. The details about robotically assisted sequential 





Figure 6.8: Conceptual rendering illustrating the cross-sectional view of the vertical 
high-aspect-ratio concentric cylinder electrodes: (1) sequential electrodeposition of Ni 
and Cu layers onto the metalized SU-8 pillars, (2) polishing of the pillars from the top 
surface, (3) selective etching of the Cu layers, and (4) active material formation 
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 The very first step in the fabrication sequence of the electrode is the formation of 
the high-aspect-ratio SU-8 pillar arrays that will support the multilayer electrodes. These 
high-aspect-ratio pillars were enabled by adopting a thick SU-8 coating process with an 
approximate thickness of 1000 µm and h-line (405 nm) UV exposure method, coupled 
with backside exposure [54]. As a mask, an array of holes with a diameter of 100 µm was 
patterned on chromium (Cr)-coated glass to form the patterns for the SU-8 pillars. A 
thick SU-8 photoresist (SU-8 2025, MicroChem Inc.) film with an areal mass of 124 
mg/cm
2
 was dispensed onto the Cr-patterned glass substrate. For the pre-exposure bake 
process, the substrate coated with SU-8 was placed on the leveled hotplate. The 
temperature of the hotplate was slowly ramped up to 95 °C at a rate of 200 °C hr
-1
 and 
held for 15 hours. Due to the long duration of the pre-exposure bake and the decrease in 
the viscosity of the SU-8 with increasing temperature, leveling of the hot plate becomes 
particularly important to prevent uneven thickness distribution across the film and in 
some cases, overflow of the SU-8 from the substrate. After 15 hours, the hotplate was 
slowly cooled down to room temperature at 200 °C hr
-1
. 
 Following the pre-exposure bake, UV exposure was carried out using a backside 
exposure scheme in which the sample was exposed through the glass with patterned Cr 
layer. The intensity and wavelength of the UV light were set to 35 mW cm
2
 and 405 nm, 
respectively. A total exposure dose of 18 J was applied. During the exposure, a 0.22 inch-
thick acrylic board (G11, Professional Plastics, Inc.) was utilized as a UV filter in order 
to block exposure wavelengths shorter than 400 nm. Upon completion of the exposure, 
the sample was let to rest for 30 minutes prior to the post-exposure bake. A post-exposure 
bake of one hour was performed on a hotplate at 95 
o
C by applying ramp-up and ramp-




. Following the post-exposure bake, the SU-8 was developed in 
propylene glycol methyl ether acetate (PGMEA) solution for approximately 45 minutes.  
 During the development process, the sample was placed with its photoresist-
coated side facing down and was slightly elevated from the bottom of the container using 
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clips attached to the corners of the substrate. Therefore, the unexposed regions of the SU-
8 film were able to sink to the bottom of the container without inhibiting the mass 
transfer of fresh solution to the photoresist. Due to concern for the mechanical stability of 
the resulting high-aspect-ratio pillars, no agitation was utilized during the development 
process. After the development process, the sample was carefully rinsed using fresh 
PGMEA solution and DI water. A drying process was performed by carefully applying a 
cotton-based wipe (Texwipe) to soak up the excess water from between the pillars. 
Scanning electron microscope (SEM) images of the resulting high-aspect-ratio pillar 
arrays can be seen in Figure 6.9. These images were obtained by using variable pressure 
(VP) SEM, which enables imaging of the non-conductive samples without the need for 
coating them with a conductive layer. Under high vacuum conditions, non-conductive 




Figure 6.9: High-aspect ratio SU-8 pillars with two different aspect ratios: (a) 10:1 and 
(b) 20:1 
  
 In the next step of the fabrication process, DC sputtering was performed to 
metalize the high-aspect-ratio SU-8 pillar arrays shown in Figure 6.9. Ti and Cu seed 
layers were sputtered for 5 and 10 minutes, respectively, under 100% Ar at 6 mTorr. A 
surface profiler was utilized to determine the thickness values for the sputtered Ti and Cu 
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layers, which were found to be 200 and 800 nm, respectively. As mentioned in the 
previous chapters, the initial Ti layer serves as the adhesion promoter between the 
photoresist and the subsequent Cu layer. To ensure perfect metal coverage, the 
aforementioned charging phenomenon of the photoresist was utilized of by the high-
vacuum SEM. Charging enables the detection of the unmetalized regions quite easily and 
and aids in the determination the optimum sputtering conditions. 
 Following the deposition of the seed layers, electroplating of the alternating Ni 
and Cu layers was carried out with the aforementioned robotic electroplating setup. 125 
pairs of Ni/Cu layers were electrodeposited from their respective plating solutions. The 
plating conditions, including temperature, current density, bath type, anode materials, and 
their preparation, were the same as in the case of lateral high-aspect-ratio electrodes 
described in Chapters 4 and 5. Once the electroplating of alternating layers was 
completed, an additional, thick (35 - 40 µm) Ni layer was electroplated as the topmost 
layer in order to enhance the mechanical stability of the pillar array, which is quite crucial 
during the subsequent lapping step. The optical image of the array of pillars fabricated on 
a 1 cm
2





Figure 6.10: 17x17 array of SU-8 pillars coated with 125 pairs of Ni/Cu layers fabricated 





 Upon the completion of the electroplating process, the metal-coated pillars were 
mechanically lapped from the topside using emery paper of various grades successively 
up to 600. Initially, a coarse lapping was carried out with a 120-grade emery paper. The 
main purpose of this coarse lapping was to remove the majority of the bulk Ni layer 
located on top of the pillars, which was electroplated in the very last step of the 
electroplating process. Then, higher grades of emery papers were utilized until all of the 
electroplated Ni and Cu layers on top of the SU-8 pillars were completely removed. This 
enabled the exposure of the interleaved Cu layers, as shown in the second step of the 
fabrication sequence given in Figure 6.8. To avoid excessive removal during the lapping 
process, the pillars were periodically observed under an optical microscope.  
 The mechanical polishing process concluded once the SU-8 cores in all of the 
pillars were completely exposed. The pillars were then cleaned using acetone, methanol, 
and IPA mixture and rinsed in DI water. Next, the samples were immersed in a 
concentrated nitric acid (HNO3, 70%) solution for 15-20 seconds, and then again 
thoroughly rinsed with DI water. This step ensures a clean exposure of the layers from 
the topside by removal of the smeared Ni and Cu layers formed during the mechanical 
polishing process, as well as ensuring the removal of metal debris stuck between the 
pillars after the polishing. Optical images showing the top view of the resulting pillars 
can be seen in Figure 6.11. The enlarged view in Figure 6.11 helps the visualization of 





Figure 6.11: Top view of a multilayer pillar structure following the mechanical lapping 
process 
 
 Ideally, rectangular SU-8 pillars would yield a better utilization of the footprint 
area compared to their circular counterparts. As schematically illustrated in Figure 6.12, 
the radial growth would be expected to take place in accordance with the initial pattern. 
Therefore, starting with a rectangular pattern would, in theory, allow the coverage of the 
whole footprint area on the substrate. However, it was observed that regardless of the 
initial geometry of the SU-8 pillars, after the deposition of several pairs of Cu/Ni layers, 
the multilayer structure acquires a cylindrical geometry. This trend can also be seen in the 
optical images shown in Figure 6.11 where the core SU-8 pillars possesses a rectangular 
form while the ultimate multilayer structure exhibits a circular geometry. As the growth 
of these structures proceeded until two adjacent multilayer pillars came into contact and 
no more plating was able to be performed, dead spaces formed between four pillars as 
shown in Figure 6.12, reducing the utilization efficiency of the footprint area.  
  The reason for the deviation from the original rectangular geometry was 
postulated to result from the electric field being much stronger at the sharp corners of the 
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pillars than on the edges, and thus causing deposition rates to be higher in those regions. 
This issue might be overcome by performing the electrodeposition at lower current 
densities and keeping the plating durations much shorter. However, the resulting layers in 
that case would be much thinner and would most likely be not able to have the 





Figure 6.12: Conceptual rendering showing the top view of the growth pattern of the 
electrodeposited Cu and Ni layers on the rectangular SU-8 pillars: ideal case vs. real case 
  
 Following the mechanical polishing step, the structures were immersed in a 
selective Cu etching bath for 12 hours. The setup described in Chapter 2.3.1 was utilized 
where the sample was inverted and placed on a meshed plastic platform while the 
solution was being agitated slowly with the help of a Teflon-coated magnetic bar. The 
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sample was then placed in DI water for 30 minutes followed by immersion in IPA and 
methanol for 15 minutes each. As described earlier in Chapters 3.2.2, this process 
minimizes the interlayer surface tension forces and prevents the layers from collapsing. 
The etching process was finally completed by drying the samples in an oven at 65 
o
C for 
30 minutes. The SEM image showing the top view of a pillar surrounded by the high-





Figure 6.13: SEM image showing the top view of the multilayer pillar structure after the 
selective Cu etching step 
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 To determine the exposed surface area, it was critical to ascertain the depth of the 
Cu etching from the top surface of the pillars. It was shown in Chapter 2.3.1 that the 
etching starts to advance in a non-uniform fashion if the diffusion path lengths are 
increased. In contrast to the lateral high-aspect-ratio structures where the etchant is able 
to attack the Cu layers from multiple points within the structure, high-aspect-ratio 
concentric cylinders allow only one access for the etchant which is from the top surface. 
Hence, the diffusion path lengths are drastically increased (> 400 µm).  
 The only way to visualize the advancement of the etching is by taking the cross-
sectional images of the pillars. To do that, the sample was immersed in liquid epoxy 
under high vacuum. This high vacuum process promotes the diffusion of the polymer to 
the bottom of the hollow cylinders. Then, the sample was placed in the oven at 65 
o
C for 
2 hours to accelerate the curing of the epoxy. Following the curing process, the sample 
was mechanically lapped with a coarse sandpaper in the lateral direction, such that the 
cross-section of the pillars can be seen. The lapping continued until the core SU-8 pillar 
was reached.  
 Figure 6.14 shows the optical images of the cross-sections taken after the lateral 
lapping process. As a result of the distinctive color of the Cu layers, the 12-hour etching 
depth (~500 µm) was easily visualized. This corresponds to an etching rate of ~0.7 μm s
-
1
, which is very close to the estimated value in the case of lateral high-aspect-ratio 
structures.  
 As shown in the enlarged cross-sectional view in Figure 6.14, a fairly uniform 
etching profile was observed. A similar pattern was found in other multilayer pillars on 
the same sample, indicating an overall uniformity in the etching profile. This was 
postulated to result from the convective effects introduced by agitating the solution 




Figure 6.14: Cross-sectional view of a multilayer pillar after the etching process 
   
 The active material, Ni(OH)2, was cathodically electrodeposited onto the Ni 
layers using pulse currents in a three-electrode-cell setup. The details of the 
electrodeposition process along with the reasons behind choosing particular deposition 
techniques can be found in Chapter 4.4.2. Prior to the deposition of the active material, 
the backside and the edges of the samples were coated with epoxy to enable a controlled 
deposition onto the pillars only.  
 Upon the completion of the Ni(OH)2 deposition, the samples were placed in the 
oven to perform the calcination of the active material and finalize the formation of the 
NiO film as given in Equation 6.3. Several studies have confirmed that the optimum 
calcination temperature to achieve the highest capacitance is 300 °C [38, 39, 55]. 




, maintained at 300 °C for two hours, and subsequently cooled to room temperature 
at the same rate, finalizing the fabrication process of the electrode.  
 
6.4 Performance Characterization of the Electrodes 
 The characterization of the electrochemical performance of the Ni(OH)2- and 
NiO-based electrodes was carried out in an alkaline electrolyte (1 M KOH) using a 
potentiostat (WaveDriver 10, Pine Instruments). For high power applications, the 
electrolyte concentration can be increased further to achieve a higher ionic conductivity 
at the expense of narrowed functional potential range of the electrode because of the 
reduced potential at which the oxygen formation occurs. Both of the electrodes were 
characterized in a three-electrode-cell configuration where Pt and Ag/AgCl served as 
counter and reference electrodes, respectively. Two electrodes will be discussed 
separately in the following sections. 
 
6.4.1 Ni(OH)2 Electrodes Based on Lateral High-Aspect-Ratio Parallel Plates 
 The capacitive behavior of the Ni(OH)2-based electrode was first characterized by 
performing CV analysis. The electrodes were scanned between the potentials of 0.0 and 
0.6 V at scan rates ranging from 5 to 25 mV s
-1
. The resultant CV curves can be seen in 
Figure 6.15.A. The shape of these curves suggests a distinguished pseudocapacitive 
behavior from pure double-layer capacitance as in the case of carbon-based 
electrochemical capacitors, which ideally would have a rectangular CV profile. Two clear 
anodic and cathodic peaks in the profiles correspond to the reversible Faradaic reactions 
of Ni(OH)2 taking place on the surface of the electrode: 
 
          
             
    (6.4) 
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 The forward (charging) and reverse (discharging) reactions in Equation 6.4 refer 
to the anodic and cathodic peaks in the CV curves, respectively. These peaks exhibit a 
nearly perfect symmetry suggesting an excellent reversibility of the active material [32]. 
Increasing the scan rate from 5 to 25 mV s
-1
 results in the shift of the oxidation and 
reduction peaks to a more positive and negative potential values, respectively. This shift 
is mainly associated with the increase in the internal resistance of the electrode. However, 
it is also observed that there is no significant shape change of the CV curves with 
increasing scan rate as a result of the reduced equivalent series resistance and improved 









Figure 6.15: Electrochemical characterization of the Ni(OH)2 electrodes based on lateral  
high-aspect-ratio structures: (A) CV profiles at various scan rates, (B) relationship 
between the anodic peak current and square root of scan rates, (C) specific capacitance 
obtained from CV profiles with respect to scan rates, (D) capacitance retention of the 
electrode at 20 mV s
-1
 for over 1000 cycles, (E) galvanostatic charge and discharge 
curves at various rates, and (F) specific capacitance obtained from galvanostatic 
discharge tests at various rates 
 
 To verify that the conformal deposition of the Ni(OH)2 film onto the highly 
conductive Cu current collector can significantly enhance the kinetics, as well as the 
electrochemical utilization of Ni(OH)2, the effect of scan rates, v, on the anodic peak 
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6.15.B. The linear relationship between the anodic peak current (Ip) and the square root of 
the scan rate, (v
0.5
) at all rates indicates that the redox reactions of Ni(OH)2 in KOH 
solution is a diffusion-controlled process [56, 57].  
 The CV profiles given in Figure 6.15.A were also utilized to determine the 
specific capacitance, Cs (F g
-1
), of the Ni(OH)2 electrodes by calculating the area under 
the CV curves according to the following equation: 
 
   
 
           
       
  
  
    (6.5) 
 
where Vc, Va, m, v, and I are the cathodic potential (V), anodic potential (V), total mass 
of the active material (g), scan rate (mV s
-1
), and response current as a function of the 
applied potential (A), respectively. To be consistent with the previous studies from the 
literature involving Ni(OH)2 as the active material for the electrochemical capacitors, Vc 
(0.0 V) and Va (0.6 V) values were selected accordingly. The total mass m of the 
electrodeposited Ni(OH)2 was measured using a high-precision microscale and found to 
be 1.8 mg. This value is in accordance with the theoretical value estimated from the 
correlation given in Chapter 4.4.2. By inserting this value into Equation 6.5, the specific 
capacitances of the electrodes were calculated to be 733, 667, 597, 521, and 503 F g
-1
 at 
scan rates of 5, 10, 15, 20, and 25 mV s
-1
, respectively. As the scan rate was increased to 
25 mV s
-1
, the specific capacitance dropped to 503 F g
-1
, corresponding to approximately 
69% of the capacity at 5 mV s
-1
. This remarkably high capacitance retention indicates an 
enhanced high-rate performance when compared to previously reported values in the 
literature [28, 29, 31, 33, 35, 37].  
 Furthermore, CV runs were also utilized to investigate the long-term stability of 
the Ni(OH)2 electrode in KOH solution. As illustrated in Figure 6.15.D, more than 1000 
CV cycles were performed at a relatively high scan rate of 20 mV s
-1
, and the electrode 
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exhibited only ~6% degradation in its capacitance. This negligible degradation is an 
indication of excellent long-term stability of the electrode. 
 In addition to the CV experiments, galvanostatic charge and discharge tests were 
performed to analyze the electrochemical performance of the Ni(OH)2 electrodes. Figure 
6.15.E demonstrates the charge and discharge profiles of the electrode between the 
potentials of 0.0 and 0.5 V at relatively high current densities ranging from 5 to 20 A g
-1
. 
The corresponding specific capacitance values at the discharge rates of 5, 10, 15, and 20 
A g
-1
 were calculated to be 540, 420, 390, and 270 F g
-1
, respectively, by using Equation 
6.6. 
 
   
 
   
     (6.6) 
 
 Figure 6.15.F demonstrates the relationship between the specific capacitance and 
the corresponding discharge rate. Increasing the current density from 5 to 20 A g
-1
 was 
observed to result in a decrease in the specific capacitance by approximately 50%, 
indicating again a relatively high retention in the capacitance.  
 To realize the contribution of the multilayer Cu backbone to the overall 
performance of the system quantitatively, same amount of Ni(OH)2 (i.e., 1.8 mg) was 
electrodeposited on a single layer structure with the same footprint area as the multilayer 
one and its performance was compared to the multilayer electrode. CV runs performed on 
the single layer electrode at 20 mV s
-1
 revealed a specific capacitance of 6.1 F g
-1
 which 
corresponds to 1.2% of the value obtained with the multilayer electrode under the same 
conditions.  
 In addition to the specific capacitance, areal capacitance is also an important 
feature that needs to be calculated, since these energy storage systems are mainly 
considered for portable electronic devices which, particularly miniaturized versions, have 
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limited footprint area to place their energy source. High areal capacitance values of 1319 
and 972 mF cm
-2
 were calculated from the CV data and galvanostatic discharge data, 
respectively. 
 Ragone plots that relate the specific power of the energy storage systems to their 
specific energy are a commonly used method to evaluate the performance of the 
electrochemical capacitors. The specific energy (E) and power (P) of an electrochemical 
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 The values obtained for both the CV data and the galvanostatic discharge data by 
using these equations are plotted as shown in Figure 6.16. Remarkably high specific 
energy of 25.2 Wh kg
-1







Figure 6.16: Ragone plot showing the relationship between the specific power and 




























6.4.2 NiO Electrodes Based on Vertical High-Aspect-Ratio Concentric Cylinders 
 For the performance evaluation of the electrodes based on vertical high-aspect-
ratio concentric cylinders, pillar arrays with 10x10 evenly spaced pillars on a 1 cm
2
 
footprint area were fabricated. The pillars had a total height of 1 mm. Prior to the 
electrochemical characterization, the samples were immersed in the KOH solution, and 
vacuum was applied to remove the air trapped in between the hollow cylinders and 
ensure a good contact between the electrode and the electrolyte.  
 To be consistent with the literature, the CV experiments were carried out between 
-0.2 and 0.4 V [43]. The scans were performed at 20 mV s
-1
. For the demonstration of the 
degree of capacitance improvement provided by the multilayer pillar electrodes, a planar 
square Ni electrode with the same footprint area of 1 cm
2
 was also tested along with the 
multilayer electrode. This provided a baseline to assess the improvement in the 
capacitance from 2D geometries to high surface area 3D architectures. 
 The CV profiles of the electrodes are shown in Figure 6.17. Prior to these profiles, 
20 CV runs were carried out to ensure the stabilization of the electrodes. Ni(OH)2-coated 
multilayer pillar electrode before the heat treatment is given in Figure 6.17.A. A cathodic 
peak can be seen around 0.27 V which is in agreement with the shape and the potential of 
earlier studies in the literature [40]. This result implies that the electrode surface was able 







Figure 6.17: CV profiles at 20 mV s
-1
: (A) CV of the multilayer pillar electrode after 
Ni(OH)2 deposition and (B) CV profiles of the planar and multilayer pillar electrodes 
following the calcination of Ni(OH)2 at 300 °C 
  
 The CV profiles of the plain and multilayer pillar electrode following the 
calcination at 300 °C can be seen in Figure 6.17.B. Areal capacitance of the electrodes 
was calculated by using Equation 6.5. For the multilayer pillar electrode, the capacitance 
was found to be 270 mF cm
2
 at a scan rate of 20 mV s
-1
. The planar electrode exhibited a 
capacitance of 11 mF cm
-2
. This corresponds to a more than 25-fold improvement in the 







































 Measuring the mass of the active material was rather problematic due to the 
complications that took place during the calcination process. The complications mainly 
arose from the presence of the epoxy on the backside and the edges of the sample. When 
the sample was heated to 300 °C for 2 hours and then cooled, a net weight loss was 
observed which was postulated to originate primarily from the decomposition of the 
epoxy polymer. Some portion of this weight loss also may have resulted from the partial 
decomposition of SU-8 cores. Additional weight loss was also expected due to the 
dehydration of Ni(OH)2 as shown in the calcination reaction in Equation 6.3. As a result, 
determination of the mass of NiO was quite challenging.  
 Nonetheless, the mass of the electrodeposited Ni(OH)2 was able to be measured, 
as well as calculated using the correlation given in Chapter 4.4.2. It has been also 
reported in the literature that the mass of the electrochemically deposited Ni(OH)2 film 
reduces to 60% of its initial value when heated to 300 °C or above [39]. Assuming that 
this holds in our experiments, the amount of NiO was calculated to be 4.8 mg, leading to 
a specific capacitance of 56 F g
-1
, which is very close to a previously reported value of 59 
F g
-1
 for NiO [38]. No significant change was observed in the specific capacitance 
following 400 more CV cycles.  
 
6.5 Conclusions 
 In this chapter, it was demonstrated that the electrochemical capacitors involving 
electrodes based on rationally designed and deterministically engineered 3D architectures 
exhibit an improved performance. The resultant Ni(OH)2 electrodes offered a relatively 
high specific and areal capacitances of 733 F g
-1
 and 1319 mF cm
-2
, respectively, that 
were determined by CV runs at a scan rate of 5 mV s
-1
. A remarkable power capability 
was demonstrated by delivering 69% of those capacitances at high scan rates of 25 mV s
-
1
. A similarly high capacitance delivery was also observed when performing 




electrodes also exhibited an excellent cycling stability with a capacitance retention of 
94% following in excess of 1000 CV runs performed at a relatively high scan rate of 20 
mV s
-1
. These high specific power and energy values have been attributed to the presence 
of the 3D Cu backbone structure with minimal internal resistance and high surface area, 
both of which are highly desirable features for electrochemical energy storage systems in 
general.  
 Figure 6.18 shows the Ragone plot given in Chapter 1 and compares the 
performance of the electrochemical capacitors based on multilayer electrodes to the 
existing energy storage systems. The specific power and energy values obtained from the 
CV data and galvanostatic discharge data are labeled separately. As can be seen in Figure 
6.18, in contrast to the previous accomplishments where capacitor-like battery 
performance was reported, the electrochemical capacitors discussed herein demonstrate a 




Figure 6.18: Ragone plot comparing the performance of the fabricated electrodes to the 
existing energy storage systems 
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 In addition to the improvements pertaining to the electrochemical performance of 
the 3D electrodes, successful utilization of the straightforward and inexpensive 
electrochemical techniques was also demonstrated. One of these techniques involves 
selective electrochemical etching of Ni layers over Cu, enabling an alternative fabrication 
approach for the realization of 3D Cu architectures which was not reported previously. In 
addition, the use of UPD phenomenon for precisely determining the surface area of 
relatively complex 3D Cu structures was also successfully demonstrated as a simple, 
cost-effective, and reliable tool.   
 It was also shown that the alternative fabrication approach comprising vertical 
high-aspect-ratio concentric cylinder structures enables promising electrodes to be 
utilized in electrochemical capacitor applications. The fabricated electrodes were shown 
to possess excellent mechanical stability even at elevated temperatures and yielded 
relatively high areal capacitance values of 270 mF cm
-2
, sufficiently high for certain 
autonomous microscale applications. 
 One main advantage associated with the use of vertical high-aspect-ratio pillars is 
that this approach allows mold-free fabrication of high surface area structures. In 
addition, higher utilization of the volume is possible due to the capability of fabricating 
ultrahigh-aspect-ratio pillars that can achieve thicknesses of more than 2 mm. In the case 
of lateral high-aspect-ratio multilayer structures, on the other hand, the total thickness of 
the structure is limited by the mold thickness (<1 mm). Both of these approaches open up 
the possibility for electrodes with even higher power and energy densities, by 
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CONCLUSIONS AND FUTURE WORK 
 
7.1 Summary and Conclusions  
 The work reported herein focuses on the design, fabrication, and characterization 
of deterministically engineered, 3D, versatile structures to be used as high-performance 
electrodes in energy storage applications, including batteries and supercapacitors. These 
electrodes were realized by making use of electrochemical techniques and MEMS 
technologies. The resultant electrodes are based on highly laminated structures 
possessing precisely controlled characteristic dimensions, such as surface area, ionic 
diffusion and electronic conduction path lengths, that ultimately determine the energy 
storage performance of the electrode. 
 The enhanced performance of the electrodes was enabled by simultaneously 
minimizing the transport resistance of the ionic and electronic species during high charge 
and discharge rates, which was achieved by increasing the electrochemically accessible 
surface area of the electrode and reducing the diffusion and conduction path lengths for 
the ions and electrons, respectively. The fabrication approach, which allows this 
simultaneous minimization of the resistances, involves the sequential electrodeposition of 
relatively thin alternating layers of structural and sacrificial materials through a 
temporary mold by utilizing an automated robotic system. Following the removal of the 
sacrificial layers, the final structure with a large number of separate layers of the 
structural material was obtained. This resultant structure serves as a highly conductive 
current collector for the electrode which is formed by the conformal deposition of the 
electrochemically active material. 
 The first demonstration of the contribution of the MEMS-enabled multilayer 
structures to the improved power capabilities of the energy storage systems was a proof-
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of-concept 3D Zn-air microbattery. For a set amount of Zn, these primary 3D batteries 
demonstrated a superior performance to their 2D thin-film counterparts in terms of 
energy density, particularly at high discharge rates. The underlying reason for this 
enhanced power capability is the highly conductive, multilayer backbone structure, 
which, not only provides an increased surface area for the electrode, but also maintains a 
consistent and continuous electrical access to the conformal Zn film on it with a minimal 
ohmic loss. The resultant electrodes featured energy densities up to 3 mWh cm
-2
. 
 Another demonstration involved secondary battery chemistries, including 
Ni(OH)2 and Li-ion systems, where rapid charging of the electrodes was performed, and 
the capacity retention was investigated. Both Li-ion and Ni(OH)2 electrodes 
demonstrated remarkable power capability by delivering more than 50% of their 
capacities after ultra-fast charge rates of 60 C. In addition, the electrodes exhibited 
outstanding cycling stability when charged and discharge at high rates. With the use of a 
novel photoresist mold, highly laminated structures with thicknesses in the millimeter 
range were realized, providing areal capacities as high as 5.1 mAh cm
-2
.  
 When designing the electrodes with high-power capabilities, diffusion-limited 
models were adopted to determine the optimum characteristic dimensions, including the 
active material thickness on each layer, the inter-layer spacing, and the distance between 
the adjacent etching holes of the multilayer structure. These models were validated 
experimentally and found to be more successful in predicting the performance of the 
Ni(OH)2 electrodes as compared to the NiSn electrodes. The reasons for the deviations 
from the theoretical performance values in the case of the NiSn electrodes were 
postulated to be the inability to deposit as smooth active material films and the lack of a 
proper formula to accurately predict the change in the diffusion coefficient during the 
charging process. The models were also used to make projections concerning how much 
improvement could be achieved in terms of power and energy densities using this 
electrode design. It was found that the key to realizing electrodes with further enhanced 
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power performance (i.e., power density) is reducing the thickness of both the individual 
Ni layers and the active material film within the multilayer electrode, and thus, enabling 
deposition of higher number of layers. In particular, the gravimetric power and energy 
densities are highly dependent on the mass of the electrochemically inactive material 
(i.e., Ni backbone) within the electrode.  
 The multilayer fabrication approach was also proven successful for fabricating 
high-performance electrochemical capacitors, supporting the versatility of the 
technology. Ni(OH)2-based supercapacitors demonstrated a relatively high areal 
capacitance of 1319 mF cm
-2
. An excellent cycling stability with a capacity retention of 
94% was reported following more than 1000 CV runs at a high scan rate of 20 mV s
-1
. In 
addition to the conventional multilayer structures with laterally high aspect ratios, a new 
approach comprising vertical high-aspect-ratio concentric cylinder structures were 
introduced. This latter approach enabled the fabrication of high-surface-area electrodes 
with thicknesses exceeding 2 mm through a mold-free method and hence, allows higher 
utilization of the volume. By incorporating NiO as the active material, an areal 
capacitance of 270 mF cm
-2
 was measured. 
 The multilayer electrode concept introduced in this work addresses several 
aspects of electrochemical energy storage dynamics that are essential for improved 
performance. First, the high surface area provided by the highly laminated Ni structures 
enables a larger contact area between the electrode and electrolyte, resulting in increased 
number of active sites for the redox reactions. Second, the formation of a thin and 
conformal active material film on each layer renders a reduced ionic diffusion and 
electronic conduction path length. In this way, the power-limiting effect stemming from 
the use of active materials with relatively low conductivities (e.g., Ni(OH)2, NiO, MnO2) 
is significantly mitigated. Third, the highly conductive metallic backbone serving as a 
mechanically stable and electrochemically inert current collector exhibits minimized 
transport resistance for the electrons to and from the active material. Lastly, one of the 
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unique features of the multilayer approach is the scalability of the electrodes, i.e., the 
ability to increase the capacity of the electrodes further by simply increasing the number 
of layers in the structure without compromising neither the footprint area, nor the active 
material thickness. This attribute enables the realization of high-performance electrodes 
for a wide variety of applications, ranging from autonomous microsystems to macroscale 
portable electronics. 
 
7.2 Suggestions for Future Work 
 Suggestions for future work involves two types of approaches: (1) improvement 
of the design and fabrication techniques reported in this work, and (2) developing new 
fabrication methods.  
 
7.2.1 Realization of Structures with Higher Capacities and Energy Densities 
 As mentioned throughout the work, the total thickness of the fabricated structures 
is determined by the thickness of the photoresist mold used in the sequential 
electroplating process. To realize structures with higher number of laminations than what 
has been demonstrated so far, other types of molds can be sought that feature the 
following properties: (1) easily patternable, high-aspect-ratio structures with feature sizes 
on the order of microns; (2) good adhesion to the substrate; (3) high chemical resistance 
when exposed to corrosive plating solutions for extended periods of time; and (4) easily 
removable upon completion of the sequential electroplating process. However, it is not 
always easy to identify a mold that would satisfy all of the outlined requirements. Hence, 
instead of coming up with a new technology, modification of the existing fabrication 
approach may be considered. 
 The most challenging part in achieving thick photoresist molds is the fabrication 
of the pillar arrays that ultimately determine the dimensions and locations of the etching 
holes within the multilayer structures, as shown in Figure 7.1. This is primarily due to the 
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high aspect ratio of these pillars. In addition to the challenges in their fabrication process, 
these pillars need to be handled carefully until the plating process is initiated, since they 
are easily distorted. For these reasons, pillars are the limiting factors for achieving thicker 




Figure 7.1: Optical image showing the top view of the photoresist mold 
  
 The bulk photoresist surrounding the multilayer structure (see Figure 7.1), on the 
other hand, exhibit much lower aspect ratios as compared to pillars and thus, can easily 
be fabricated even with thicknesses exceeding 1 mm. This bulk photoresist is also 
mechanically more stable as compared to the pillars, and hence, it is easier to handle. 
Hence, the fabrication process could be modified in a way that it only involves the bulk 
photoresist mold, and the etching holes could be created following the sequential 
electrodeposition. Therefore, laser micromachining techniques may be considered as an 
alternative method to create the etching holes.  
 Some preliminary work has been completed by sequentially electroplating planar 
Ni and Cu layers with a footprint of 1 cm
2
. These multilayer structures were then ablated 
with the help of an IR laser as shown in Figure 7.2. It can be seen that the laser was able 
to ablate through the relatively thick metal structure. However, redeposition of the molten 
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metal during the ablation process blocked the cross-section of the holes and prevented the 
exposure of the individual layers. Figure 7.2.A shows the redeposited metal residues on 
the surface and the cross-section of the structure following the ablation process. This 
redeposition issue was easily overcome by immersing the samples briefly in concentrated 
nitric acid solutions. After the acid treatment, the individual layers became visible as 
shown in Figure 7.2.B. This process can further be optimized by modifying the ablation 





Figure 7.2: Etching holes formed via laser ablation process: (A) immediately after laser 
ablation, (B) following the acid treatment 
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 Although increasing the number of layers results in higher areal capacities, the 
energy and power densities of the multilayer electrode with a given active material 
thickness are not a function of the number of laminations. In Chapters 4 and 5, it was 
shown for a given active material thickness on each layer, the gravimetric power and the 
energy density of the multilayer electrodes can be increased by minimizing the mass of 
the electrochemically inactive material (i.e., the Ni backbone), which can be achieved by 
reducing the thickness of the individual Ni layers. The same principles apply to 
volumetric power and energy densities as well.  
 Although the current techniques allow deposition of layers on the order of tens of 
nanometers, maintaining the mechanical integrity of the backbone structure in the 
subsequent fabrication steps (i.e., wet etching of the sacrificial layers and active material 
deposition) is the main limitation for reduced layer thickness. In the case of structures 
with submicron-thick individual layers, the wet etching process of the sacrificial layers, 
as well as the electrodeposition process of the active material were found to cause 
deformations in the backbone structure, which are postulated to stem from the capillary 
effects of the liquids the structures are exposed to during these processes.  
 One way of overcoming such deformations and hence, allowing the realization of 
structures with thinner individual layers is through redesigning the anchors that support 
the structure after the etching process. By narrowing the distance between the anchors on 
the sidewalls and by increasing the number of the etching holes to place extra anchors to 
support the structure from central regions, a better mechanical support can be created. 
Also, replacing the sacrificial layer with another material, which enables a less 
destructive removal (e.g., dry etching), may be considered as an alternative to achieving 
multilayer structures with thinner layers.  
 Another issue that needs to be resolved in order to achieve electrodes with better 
performance is improving the conformal deposition of the active material. This can be 
quite challenging, particularly if the spacing between the layers is reduced significantly, 
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as suggested by the modeling results for the optimized electrodes shown in Chapters 4 
and 5. In this work, electrodeposition has been the preferred method to deposit the active 
material, mainly because of its cost-effectiveness and relatively simpler application 
process. However, other techniques, including atomic layer deposition (ALD) and 
chemical vapor deposition (CVD), are known to be quite useful in depositing conformal, 
nanoscale films onto complex 3D architectures. Through the development of appropriate 
precursors for the deposition of the active materials and optimization of the deposition 
conditions, these techniques can be incorporated into the current fabrication process for 
improved electrode performance.  
 
7.2.2 3D Systems Based on Interdigitated Electrodes  
 Except for the case of Zn-air batteries discussed in Chapter 3, the multilayer 
electrodes were only tested as half cells in the secondary battery, as well as 
electrochemical capacitor applications. When dealing with half cells, no significant effort 
was given toward the minimization of the distance between the electrodes. However, for 
the realization of high-performance electrochemical systems, in addition to the diffusion 
path lengths of the solid-state ions and conduction path lengths of the electrons, the 
diffusion path lengths of the liquid-state ions need to be minimized as well. An effective 
way to achieve this is by minimizing the inter-electrode separation distance, which can be 
done through the fabrication of interdigitated electrodes. 
 Proof-of-concept structures were fabricated by utilizing laser micromachining 
techniques. Figure 7.3 shows the fabrication scheme of these interdigitated electrodes 
from the top view. Multilayer concentric pillars were first fabricated as described in 
Chapter 6. Thereafter, IR laser was used to cut the seed layer and electrically isolate half 
of the pillars (Electrode A) from the other half (Electrode B) in an interdigitated fashion 
as demonstrated in Figure 7.3.2. The inter-electrode separation is determined by the beam 
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size of the laser, which can be as small as tens of micrometers. The optical images of the 




Figure 7.3: Conceptual rendering of the fabrication process for the interdigitated 
electrodes: (1) multilayer concentric pillars fabricated on a substrate, (2) separation of the 




Figure 7.4: Laser-cut interdigitated electrodes based on vertical high-aspect-ratio 
concentric cylinders: (A) 9x9 pillar array on 1 cm
2






 A 9x9 pillar array fabricated on a footprint of 1 cm
2
 can be seen in Figure 7.4.A. 
To enable higher energy density, the packing density of the pillars was increased 
significantly as shown in Figure 7.4.B. This interdigitated pillar system can be utilized to 
fabricate symmetric electrochemical capacitors. In addition to the pillar structures with 
vertically high aspect ratios, conventional multilayer electrodes with laterally high aspect 
ratios can also be fabricated via this method. Since the electrodes are electrically isolated, 
it is possible to deposit two different active materials on either electrode. To fabricate a 
3D Li-ion battery based on interdigitated electrodes, for example, NiSn can be deposited 
onto one electrode as the anode material, while MnO2 film is formed on the other 
electrode as the cathode material.  
 
7.2.3 Incorporation of Alternative Active Materials 
  Three different active materials (i.e., MnO2, NiO, and NiSn) were demonstrated 
for the Li-ion electrodes. Among these active materials, the best performance was 
obtained from the NiSn electrodes. The drawback of NiSn, however, is that forming a 
smooth layer with a uniform thickness is not that easy, particularly if the thickness needs 
to be more than several hundreds of nanometers. This results in the loss of control over 
the thickness of the active material film, which is against the premise of this work. To 
improve the quality of the NiSn deposits, alternative deposition baths can be sought. In 
the case of Cu deposits, it was demonstrated in Chapter 3 that the presence of certain 
additives can drastically improve the deposit quality. Additives with similar effects, or 
baths with completely different compositions may exist for NiSn deposition baths as 
well.  
 As was discussed in Chapter 5.1, there are a wide variety of active materials for 
Li-ion electrodes. Other potential active materials that are compatible with the fabrication 
process can be investigated to realize systems with better performance. For the 
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conventional fabrication approach, where the multilayer backbone is first fabricated and 
then the active material deposition is performed, the compatibility of the active material 
depends on whether or not the active material can be deposited onto the multilayer 
backbone in a conformal way. For the more recent approach that is based on the 
concurrent deposition of the active material along with the structural and sacrificial 
materials, the active material needs be resistant to both Ni and Cu plating solutions, as 
well as to the Cu etchant used in the final step. Other alloys of Sn (e.g., Cu6Sn5) are also 
known to be electrodepositable and demonstrated outstanding performance. Hence, they 
are worth investigating.  
 Silicon is reportedly one of the promising active materials for Li-ion systems due 
to its high specific capacity, which is even higher that the pure metallic Li [1]. 
Incorporation of Si into the multilayer structures can potentially result in a drastic 
improvement in the capacity of the electrodes. There are well-known techniques for the 
deposition of the Si, which mainly involve vacuum processes such as sputtering [2, 3]. 
More recently, there have been efforts to electroplate Si using non-aqueous solutions. A 
successful incorporation of the latter method would enable a unique fabrication approach 
for Si-based Li-ion electrodes. 
 
7.2.4 Alternative Method for Vertical High-Aspect-Ratio Multilayer Structures 
 Vertical high-aspect-ratio concentric cylinders demonstrated in Chapter 6.3.1 
undergo growth in both radial and vertical directions. Radial growth takes place around 
the pillars, and the layers formed in these regions are ultimately utilized as the scaffold 
for the electrode. Vertical growth, on the other hand, happens on the topside of the 
pillars, as well as on the surface of the substrate (i.e., bottom part of the pillars), as 
illustrated in Figure 2.13. The layers deposited onto the topside of the pillars are lapped 
completely so that the vertical layers are exposed to the etchant in the subsequent step. 
However, the layers formed on the surface of the substrate remain there throughout the 
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whole fabrication process. Since it is not possible for the etchant to diffuse laterally and 
remove the Cu layers, as can be seen in Figure 6.14, the layers formed on the bottom 
parts of the pillars do not contribute to the surface area of the electrode. In addition, they 
increase the total mass of the electrode and thus, reduce both the energy and power 
density.  
 An alternative fabrication approach, as shown in Figure 7.5 can prevent the 
formation of such unnecessary layers, and enable the realization of electrodes with larger 
surface area, as well as higher energy and power densities. The process starts with the 
selectively metalized, high-aspect-ratio SU-8 pillars or walls with non-conductive 
substrates placed on both sides. Next, the sequential electrodeposition of the alternating 
Ni and Cu layers is performed. The presence of the non-conductive substrates forces the 
metal growth to take place in radial direction only. Upon completion of the sequential 
deposition of the layers, one of the substrates is removed and a thick Ni layer is 
electroplated on one side. This is followed by the removal of the second substrate on the 
other side and selective etching of the Cu layers. In this approach, lapping step is 
eliminated, shortening the duration of the fabrication. Also, sacrificial Cu layers can be 
etched completely, resulting in substantially improved surface area. In addition to the 
energy storage applications, the resultant structures can also be utilized as channels in 





Figure 7.5: Fabrication scheme for the vertical high-aspect-ratio channels: (1) formation 
of channels composed of selectively metalized SU-8 walls sandwiched between two 
substares, (2) sequential electroplating of Ni and Cu layers, (3) removal of the substrate 
from one side and electroplating of Ni anchor, and (4) removal of the other substrate and 
selective etching of Cu layers 
 
7.2.5 Comprehensive Modeling of the Electrodes 
 In Chapters 4 and 5, diffusion-limited models were utilized for determining the 
optimum values for the characteristic dimensions of the electrode. More comprehensive 
models can be adopted to predict the optimized characteristic dimensions of the electrode 
in a more precise way. In the case of Li-ion batteries, for example, a complete 
mathematical representation of the system can be achieved by including the equations 
describing the following phenomena: (1) mass transport of Li ions in the active material 
and electrolyte, (2) charge transport in the active material and electrolyte, and (3) energy 
transport in the whole cell. This comprehensive model would be able to predict the 
concentration distribution of Li ions, as well as the temperature distribution within the 
cell which may play a vital role in the performance of the system and has not been 
investigated in this work. Butler-Volmer-type kinetic expression can be utilized to 
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describe the charge transfer across the electrode/electrolyte interface. For describing the 
temperature variations throughout the cell, Arrhenius-type expressions can be assumed.  
 Furthermore, the mathematical model can be supported experimentally by 
performing electrochemical impedance spectroscopy (EIS). EIS can be utilized to 
evaluate the electrochemical kinetics and intrinsic resistance during the charge and 
discharge processes. This technique can also be used to determine the diffusion 
coefficient of the active material, which was shown to have a significant impact on the 
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